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Metabolism of Acetoin 


1. THE FORMATION AND UTILIZATION OF ACETOIN AND BUTANE-2:3-DIOL 
IN THE DECEREBRATED CAT 


By J. DAWSON anv R. P. HULLIN 
Department of Biochemistry, University of Leeds 


(Received 7 May 1953) 


In unpublished experiments on the blood levels of 
acetoin and butane-2:3-diol in cases of manic- 
depressive psychosis, we have noted variations in 
the total level of these compounds and in the ratio of 
their concentrations. 

Previous workers (Neuberg & Gottschalk, 1925; 
Greenberg, 1943) had demonstrated that injected 
acetoin was removed from the blood stream, only 
a small amount being excreted unchanged; no 
determinations of butane-2:3-diol were carried out. 
Westerfeld & Berg (1943) also showed that injection 
of acetoin produced a small increase in acetoin 
excretion in the urine whilst the increase in urinary 
butane-2:3-diol excretion was much greater. The 
total excretion accounted for only some 12 % of the 
amount injected. No increased formation of gly- 
cogen was observed and no suggestions offered as to 
the nature of the metabolic conversions occurring. 

Doisy & Westerfeld (1943) demonstrated that ace- 
toin and butane-2:3-diol could act as acetyl donors 
for the acetylation of injected p-aminobenzoic acid, 
but the amount of acetylation attributable to these 
compounds wouid appear to be small and was a 
negligible part of the metabolic interconversions 
which acetoin and butane-2:3-diol undergo on 
injection. Although pyruvate is the most likely 
precursor of acetoin and butane-2:3-diol, Stotz, 
Westerfeld & Berg (1944) were unable to demon- 
strate any increase in the blood level of these com- 
pounds after pyruvate injection. Acetaldehyde 
injection did, however, produce an increased level 
of acetoin and butane-2:3-diol in the blood. 

The present investigation is concerned with the 
mechanism whereby blood levels of acetoin and 
butane-2:3-diol vary and also with the rate of 
disappearance of these compounds from the blood 
following injection. Since more sensitive methods 
were available for the estimation of these sub- 
stances, smaller amounts could be injected and the 
time course of their removal followed. 


EXPERIMENTAL 


Preparation of animals 


Cats of 2-5-4 kg. body wt. were anaesthetized with ether, 
a cannula inserted in the trachea, and decerebrated after 
ligating the carotid arteries. 
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Cannulae were inserted in the carotid artery (to obtain 
blood samples) and in the femoral vein (to inject solutions) 
and the decerebrated cat was allowed to rest for 1 hr. 
Control values for the blood levels of acetoin, butane-2:3- 
diol (BD), pyruvate and glucose were obtained from three 
blood samples taken at 30 min. intervals after the rest 
period following decerebration. Each blood sample was 
treated with 2 vol. of 10% (w/v) trichloroacetic acid (TCA) 
and determinations of acetoin, BD and pyruvate made on 
the TCA filtrate. Extracellular fluid volume (ECF) was 
determined from the increase in serum thiocyanate after 
injection of 20 mg. of NaCNS. 

After the third blood sample had been collected, the test 
solution was injected slowly into the femoral vein, and 
further blood samples taken at 30min. intervals. All 
solutions injected were adjusted to pH 7-0. An equimolar 
concentration of NH,Cl was injected with the sodium 
pyruvate solution in order to counteract any tendency 
towards alkalosis. 

Urine samples were obtained immediately before each 
blood sample by intubation of the bladder. Two 3 ml. 
portions of 0-9% NaCl were used to wash out the bladder 
each time. 


Methods 


Pyruvate was estimated on TCA filtrates of blood by the 
method of Friedemann & Haugen (1943). Glucose determi- 
nations by the method of Hagedorn & Jensen (see Hawk, 
Oser & Summerson, 1947) were carried out on duplicate 
0-1 ml. samples of fresh blood. 

Acetoin and BD were determined by the method of 
Happold & Spencer (1952), slightly modified as follows for 
use on blood samples. The blood (about 5 ml.) was ejected 
from the syringe into a graduated centrifuge tube containing 
10 ml. of cold 10% (w/v) TCA and the mixture thoroughly 
shaken. 

The accurate volume of the blood taken was measured 
after centrifuging for 20 min. The supernatant solution was 
then decanted and the precipitated blood proteins re- 
extracted with 12 ml. TCA. After further centrifuging, the 
supernatant solutions were combined and the volume of acid 
extract noted; preliminary experiments had shown that all 
the acetoin and BD were removed by the two extractions. 

Acetoin was determined on a portion of the acid extract. 
The amount of acetoin and BD combined was determined on 
6 ml. of the extract after adjusting to pH 7 with NaOH 
solution, using bromothymol blue as external indicator. 
The precipitated hydrazone was washed with 5 ml. of 5% 
(w/v) aqueous methanol to eliminate any possible inter- 
ference from glucose in the blood filtrate. Recovery experi- 
ments indicated that the method of Happold & Spencer as 
modified for blood samples was accurate to within +5% 


12 
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and concentrations as low as 15g./100 ml. of blood could 


be determined. 
Thiocyanate was estimated by the method of Bowler 


(1944). 
RESULTS 


The effect of pyruvate injection on the blood con- 
centration and total amount of acetoin and BD 
present in the ECF is given in Table 1. These results 
show that the blood pyruvate level can be raised by 
pyruvate injections and this rise is associated with 
an increased amount of acetoin distributed in the 
ECF but is not associated with any marked increase 
in the blood concentration. There is a significant 
rise in the blood level of BD following pyruvate 
injection but the total amount of BD in the ECF 
shows a gradual rise throughout the experiment. It 
has been noted that in the decerebrated cat the 
blood glucose level gradually rises during the 
experiment irrespective of any injections made. 

To clarify the effect of glucose on the blood con- 
centration and the ECF content of acetoin and BD, 
massive glucose injections were made. The results 
are shown in Table 2. Neither the pyruvate level 
nor the ECF content is significantly increased by 
glucose injections which produced a marked rise in 
the blood concentration and total amount of glucose 
in the ECF. There is no significant change in blood 
or extracellular acetoin but the blood BD level and 
ECF content increase. Thus it is possible that the 
pyruvate injection increases the amount of acetoin 
in the ECF whilst glucose injection produces a rise 
in BD without apparently affecting the acetoin. 

The injection of insulin (12 units/kg.) simul- 
taneously with pyruvate had no effect on the 
acetoin rise and had no constant effect in limiting 
the increase of extracellular BD. 
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Fig. 1. The effect of an intravenous acetoin injection on the 
blood level of acetoin and butane-2:3-diol in the decere- 
brated cat. A represents the blood level of acetoin at the 
instant of injection as calculated from the dose injected 
and the ECF volume of the preparation (1250 ml.). 
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Acetoin and BD were injected into decerebrated 
cats in order to investigate their subsequent meta- 
bolism. The results of representative experiments 
are shown in Figs. 1-3. The quantities of these 
compounds in the urine as well as in the blood were 
determined at 30min. intervals throughout the 
experiment. The amounts of both acetoin and BD in 
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Fig. 2. The effect of an intravenous butane-2:3-diol (BD) 
injection on the blood level of acetoin and butane-2:3-diol 
in the decerebrated cat. B represents the blood level of 
butane-2:3-diol at the moment of injection as calculated 
from the dose injected and the ECF volume of the pre- 
paration (1500 ml.). 
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Fig. 3. The effect of successive intravenous injections of 
acetoin and butane-2:3-diol on the blood levels of these 
compounds in the decerebrated cat. A represents the 
blood acetoin level at the moment of the first injection as 
calculated from the dose injected and the ECF volume of 
the cat, whilst B indicates the corresponding butane-2:3- 
diol value at the instant of the second injection. 
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the urine increased after injection of either com- 
pound, the increase being mainly in the urinary 
BD. However, the total excretion of acetoin and 
BD im any urine sample never exceeded 0-1 mg., so 
that the rapid disappearance of these compounds 
from the circulation could not be attributed to 
excretion. 

The results indicate that there is a rapid meta- 
bolism of both acetoin and BD. Acetoin injection 
produced a marked rise in the blood level of BD, 
while injection of BD caused only a minor rise in the 
blood acetoin concentration. At the end of each 
experiment the BD was still maintained at a level 
considerably above that present before injection, 
by an amount representing about 10% of the total 
of acetoin or BD injected. The decline from this 
latter level is slow. 





DISCUSSION 


When pyruvate is injected in doses large enough to 
produce a marked increase in blood pyruvate level, 
a small rise in acetoin production results. This 
could be due either to a small fraction of the meta- 
bolized pyruvate being converted into acetoin and 
butane-2:3-diol or to rapid metabolism of these com- 
pounds when produced. The proportion of pyruvate 
being converted in this way is unknown. Jagan- 
nathan & Schweet (1952) reported that pyruvic 
oxidase in the absence of oxygen produces acetoin. 
In the intact animal, reduction of acetoin to 
butane-2:3-diol occurs in anoxaemia. Massive 
glucose injections do not influence acetoin pro- 
duction; this is not unexpected since the pyruvate 
level does not rise significantly. With the use of 
a more sensitive method for estimating acetoin and 
butane-2:3-diol it has been demonstrated that some 
pyruvate is converted into acetoin in the intact 
animal. 

The metabolism of acetoin appears to be quite 
rapid and is associated with a considerable pro- 
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duction of butane-2:3-diol. It is not known whether 
this is a step in the further metabolism of acetoin or 
whether it is a side reaction. From tissue dispersion 
experiments (Dawson & Hullin, 1954) it appears 
that butane-2:3-diol can be metabolized as rapidly 
as acetoin. Injections of butane-2:3-diol do not 
produce a significant increase in acetoin level, 
however. This may indicate either that the normal 
route of butane-2:3-diol metabolism does not lie 
through acetoin, or that its rate of conversion to 
acetoin is slow compared with the further meta- 
bolism of the latter. 


SUMMARY 


1. The production and utilization of acetoin and 
butane-2:3-diol has been studied in decerebrated 
cats. 

2. Pyruvate injection in such preparations in- 
creased acetoin production. Glucose injection had 
no such effect. 

3. Injection of acetoin and _ butane-2:3-diol 
demonstrated that these compounds were rapidly 


metabolized. 
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In an unpublished study of the fasting blood levels 
of acetoin and butane-2:3-diol in normal subjects 
and in cases of manic-depressive psychosis, we have 
found that an increase in total acetoin plus butane- 
2:3-diol level occurred in the depressed phases of 
the disorder while an increased butane-2:3-diol 
level associated with a decreased acetoin level was 





observed during the manic phases. These changes 
could have been due either to an increased produc- 
tion or to a decreased catabolism of these four- 
carbon compounds. 

From experiments with decerebrated cats, it has 
also been shown (Dawson & Hullin, 1954) that the 
acetoin content of the extracellular fluid can be 
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raised as a result of increased pyruvate metabolism. 
Enzymic studies on animal tissue and bacterial 
extracts by Jagannathan & Schweet (1952) and on 
yeast and wheat germ by Singer & Pensky (1952a, b) 
have indicated that an isolated system, pyruvic 
oxidase, is capable of producing acetoin in the 
absence of oxygen; with oxygen present, acetate is 
produced. Green, Westerfeld, Vennesland & Knox 
(1942) found that ‘cyclophorase’ preparations pro- 
duced acetoin from pyruvate as substrate in the 
absence of a ‘sparking’ agent, e.g. fumarate. 

The rate of disappearance of intravenously in- 
jected acetoin in the decerebrated cat is rapid and 
is associated with a concomitant production of 
butane-2:3-diol. The latter, however, is more 
slowly metabolized on injection and there is no 
associated rise in blood acetoin level (Dawson & 
Hullin, 1954). This suggests that the rate of acetoin 
metabolism is faster than the rate of conversion of 
butane-2:3-diol into acetoin. 

The material presented in this paper deals with an 
investigation of the rate of metabolism of acetoin 
and related compounds by enzyme systems at two 
levels of integration, namely whole rabbit-kidney 
tissue dispersions and the corresponding ‘cyclo- 
phorase’ preparations. 


EXPERIMENTAL 
Enzyme preparations 

Rabbit-kidney tissue dispersion. The kidneys from a 
2 to 3kg. rabbit were removed rapidly after death and 
exsanguination and disintegrated in a homogenizer (M.S.E.) 
for 2 min. in 20 ml. of 0-99 KCI. 

‘Cyclophorase’ preparation RK. This was prepared accord- 
ing to the method of Green, Loomis & Auerbach (1948). 

Enzymic methods. To investigate the metabolism of ace- 
toin, butane-2:3-diol (BD), diacetyl, acetate and pyruvate 
by either the whole kidney-tissue dispersion or the ‘cyclo- 
phorase’ preparation R,K, the following procedure was 
adopted foreach substrate. Into each of three Warburg flasks 
and two boiling tubes were pipetted: 0-2 ml. 0-1m-KCl, 
0-2 ml. 0-1M-MgCl,, 0-2 ml. 2 x 10-4m cytochrome c, 0-2 ml. 
0-0133M adenosine triphosphate (ATP), 0-1 ml. 0-01m 
sodium fumarate, 0-6 ml. 0-2mM phosphate buffer (pH 7-4) 
and 0-5 ml. 0-1M solution of substrate. Tissue dispersion or 
‘eyclophorase’ preparation (1 ml.) was added to each flask 
and tube immediately after preparation. The flasks and 
tubes were then shaken at 37° for 15 min.; after this 
equilibration, the reaction in the tubes was stopped (see 
below) and the CO, production and O, utilization in the 
Warburg flasks during the next 60 min. were determined. 
The material in the tubes was used to determine the concen- 
tration of substrate, acetate, acetoin and BD at the start of 
the balance experiment. After 1 hr., the reaction in the 
Warburg flasks was also stopped and the material used to 
determine the final concentration of substrate and possible 
metabolic products. 

For the estimation of acetoin, BD, diacetyl and pyruvate, 
the reaction was stopped by the addition of 3 ml. of 10% 
(w/v) trichloroacetic acid. Acetate was determined on the 
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supernatant solution after treatment of the reaction mixture 
with 5 ml. of 2% (w/v) ZnSO,.7H,O and 0-5 ml. of 0-5n- 
NaOH. Preliminary treatment with 1-5 ml. of 20% (w/v) 
CuSO, and 1-5 ml. of 10% (w/v) Ca(OH), suspension was 
necessary for the acetoacetate estimation. 

These various additions to the tubes and Warburg flasks 
were made in such a way that, with one tissue dispersion 
or ‘cyclophorase’ preparation, we could determine the 
amounts of acetoin, BD, pyruvate, acetate and acetoacetate 
both in the initial reaction mixture and afterthe O, and CO, 
estimations had been carried out. CO, production was 
determined by the direct method of Dixon (1943). 


Analytical methods 


Acetate. The steam-distillation method of McClendon 
(1944) for volatile fatty acids was used. 

Acetoacetate. The method of Edson (1935) was employed 
in which the acetoacetic acid production was measured by 
decarboxylation with aniline citrate after removal of any 
oxaloacetate by incubation of the flask contents at 37° for 
20 min. with copper-—lime reagent. 

Pyruvate. The method of Friedemann & Haugen (1943) 


was used. 
Acetoin and BD. These were estimated by the method of 


Happold & Spencer (1952). 
RESULTS 
Kidney tissue dispersions 

The rates of oxidation of acetoin, BD, diacetyl, 
acetate and pyruvate are presented in Figs. 1 and 2. 
These values are for oxygen uptake less that of the 
control in absence of substrate ; the latter has a high 
endogenous respiration (400 yl./hr.) partly due to 
the 1 pmole of fumarate which is added to all flasks. 
The period of incubation before the respiration was 
measured was approximately 15 min. 

Initially the endogenous respiration of the tissue 
dispersion is not stimulated by either acetate or 
pyruvate. On the other hand, acetoin and BD both 
stimulate the respiration from the beginning, 
probably because they are oxidized concurrently 
with the metabolites already present in the system. 
Diacetyl resembles pyruvate in its failure to increase 
the initial basal respiration rate. 

To test the effect of the basal metabolite level, the 
tissue dispersions were pre-incubated for 50 min. at 
37° before any respiratory measurements were made. 
The results shown in Figs. 3 and 4 demonstrate that 
pyruvate and acetate have a greater effect on the 
basal respiration rate than has acetoin. The endo- 
genous oxygen uptake of the preparation is greatly 
diminished by this pre-incubation. Butane-2:3-diol 
and diacetyl are as effective as pyruvate in stimu- 
lating respiration. The difference between the 
shapes of the pyruvate curves in Figs. 3 and 4 is 
probably due to the higher endogenous metabolite 
level in the tissue preparation used in Fig. 4 
(478 pl./hr.) compared with that used in Fig. 3 
(185 pl./hr.). The endogenous metabolite level, is of 
course, much higher in the preparations shown in 
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Figs. 1 and 2, but the shape of the curve in Fig. 4 
resembles these rather than Fig. 3 where a more 
complete exhaustion of endogenous metabolites has 
presumably occurred. Furthermore, when pyruvate 
and acetoin are both present, it can be demonstrated 
that no competition occurs, the sum of the separate 
oxygen consumptions being equal to the oxygen 
uptake when both are present together. 
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Fig. 1. The rate of oxidation of acetoin, acetate and 
pyruvate by rabbit-kidney tissue dispersion at 37° after 
an initial incubation period of 15 min. 
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Fig. 2. The rate of oxidation of butane-2:3-diol, diacetyl 
and pyruvate by rabbit-kidney tissue dispersion at 37° 
after an initial incubation period of 15 min. 
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The relationship between oxygen uptake and sub- 
strate utilization is presented in Tables 1 and 2. 
Table 1 indicates the metabolic activity of rabbit- 
kidney tissue dispersion incubated for 1 hr. at 37° 
after a short equilibration period of 15 min. The 
mean —Qo, values were: for acetoin, 1-6; for 
butane-2:3-diol, 1-5. Table 2 indicates the metabolic 
activity after a long equilibration period of 50 min. 
at 37° during which time the basal metabolite level 
of the tissue dispersion is greatly reduced. 
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Fig. 3. The rate of oxidation of acetoin, acetate and pyru- 
vate by rabbit-kidney tissue dispersion at 37° after an 
initial incubation period of 50 min. 
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Fig. 4. The rate of oxidation of butane-2:3-diol, diacetyl 
and pyruvate by rabbit-kidney tissue dispersion at 37° 
after an initial incubation period of 50 min. 
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Table 1. Balance experiments with rabbit-kidney tissue dispersion 


Incubation for 1 hr. at 37° in 0-04m phosphate buffer, pH 7-4, with various substrates in the medium defined in the 
Experimental section, with 1 umole fumarate present. Preliminary equilibration period of 15 min. at 37°. Values are 


given in zmoles. 


Changes in amounts of metabolites 





c ae \ 
: Butane- 
Substrate Substrate O, co, Acetoacetate Acetate Acetoin 2:3-diol 
Butane-2:3-diol —12-4 -51 +38 +1-2 0 +0-55 — 
- 12-9 -55 +53 +0-9 0 +031 — 
Pyruvate — 16-0 —3-4 +9°5 +0-9 0 — +0°5 
-21-0 -2-9 +11-4 +06 +3-2 _— +0-15 
—17-6 -7:8 +15-8 +11 -1:3 —_— +0-1 
~ 22-5 -4:3 +12-6 +12 0 ~ +01 
Acetoin —8-8 — 6-2 +76 0 +0-6 — _ 
-6-7 -55 +6-0 +1-2 +0-25 nes os 
Acetate -—7-6 -79 +9-1 +13 0 0 0 
-4:9 -5-1 +6-9 +13 0 0 


Table 2. Balance experiments with rabbit-kidney tissue dispersion after pre-incubation 


The dispersion was pre-incubated with substrate for 1 hr. at 37° before commencing the balance study. Values are given 


in pmoles. 





Changes in amounts of metabolites 0, co, 

c es ” ct me - ‘Y 
Aceto- Theor- Theor- 
Substrate Substrate 0, CO, acetate Acetate Acetoin Found*  eticalf Found* _ eticalf 
Butane-2:3-diol -12:1 — 9-2 +8-0 +0-25 0 +1:8 -8-8 — 55°5 +8-0 +40-4 
Pyruvate -55 -Il1l1 +164 +0-1 2-7 0 -5-7 — 13-3 +10-8 +159 
— 8-2 — 12-3 +19-9 +0°8 —0-2 0 -11-1 — 16-5 +17-9 +19-8 
Acetoin —5-4 —4-1 +46 +0-4 +0-4 0 -3-5 — 23-0 +46 +19-2 
Acetate -49 —8-2 +8-7 +0-7 — 0 — 8-2 -—7-4 +8-7 +7-4 


* Observed values corrected for acetoacetate, acetate and acetoin production. 
{ Values calculated for complete oxidation of that portion of substrate not accounted for by production of acetoacetate, 


acetate or acetoin. 


From Table 1 it will be seen that utilization of 
pyruvate is greater than that of any other of the 
compounds tested as substrate. All compounds 
studied were capable of producing acetoacetic acid ; 
pyruvate produced significant amounts of butane- 
2:3-diol while butane-2:3-diol gave significant 
amounts of acetoin. 

The results in Table 2 show that, with the pre- 
incubated dispersions, the utilization of pyruvate 
was greatly diminished whilst the utilization of 
acetate, acetoin and butane-2:3-diol is not signifi- 
cantly affected. The oxygen uptakes with pyruvate 
as substrate now have values of 45-60% of those 
expected for complete oxidation of the pyruvate 
utilized while the carbon dioxide production values 
are 70-90% of theoretical. Acetate and, to a lesser 
extent, pyruvate are metabolized by pre-incubated 
dispersions in a manner suggesting complete oxida- 
tion to CO, and water. Acetoin and butane-2:3-diol 
are still utilized at a rate greater than can be 
explained on the basis of either complete oxidation 
or acetate and acetoacetate production. 


‘Cyclophorase’ preparations 


To determine how far the tricarboxylic acid cycle 
participated in the oxidation of diacetyl, acetoin 


and butane-2:3-diol, their oxidation by ‘cyclo- 
phorase’ preparations with and without catalytic 
quantities of added fumarate, was studied. To 
demonstrate the activity of the ‘cyclophorase’ 
preparation, pyruvate oxidation was studied con- 
currently in a similar manner. The results are shown 
in Table 3. The mean —Qp, values for acetoin and 
butane-2:3-diol were 1-0 and 0-08 in the presence of 
fumarate after deducting the oxygen consumption 
of the preparation with fumarate alone as substrate. 
Comparable values obtained in the same way with 
the tissue dispersion were: for acetoin, 1-6; for 
butane-2:3-diol, 1-5. Hence the rate of oxygen con- 
sumption of the tissue dispersion with these sub- 
strates in the presence of catalytic quantities of 
fumarate was greater than that of the ‘cyclo- 
phorase’ preparation under similar conditions. 
When fumarate was omitted from the system, 
however, the —Qo, values for acetoin and butane- 
2:3-diol, respectively, were : for the tissue dispersion, 
0-3 and 0-9; for the ‘cyclophorase’ preparation, 
0-7 and 0-0. Thus whilst fumarate is required 
for the maximum rate of oxidation of acetoin and 
butane-2:3-diol by tissue dispersions, it does not 
substantially increase the rate of oxygen uptake by 
‘eyclophorase’ preparations using these substrates. 
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Table 3. Oxygen uptake by rabbit-kidney ‘cyclophorase’ preparations (R,K) 
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Incubation for 1 hr. at 37° with various substrates, with and without the addition of 1 zmole of fumarate. The O, 
uptakes in absence of substrate without added fumarate were always less than 10 ul./hr. 


O, uptake (yl./hr.) 


aoaoaoaoaoaoaoaoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee=S=S SSS SS 





Substrate Pyruvate 
Substrate Substrate +fumarate Pyruvate +fumarate Fumarate 
Butane-2:3-diol (i) 0 18 28 102 16 
(ii)* 0 0 17 81 0 
Acetoin 14 19 6 22 8 
20 16 18 38 2 
13 27 18 62 10 
19 39 17 92 10 
17 18 9 27 2 
20 141 76 446 94 
26 100 33 291 56 
23 53 25 127 25 
Acetate 288 851 87 412 25 
Diacetyl 97 164 51 423 88 
133 187 28 243 34 
176 240 205 486 149 


* Same R,K preparation as (i) but after standing for 3 hr. at 0°. 


Table 4. Acetoacetic acid production by rabbit-kidney ‘cyclophorase’ preparations 


Experiments carried out at 37° 


in Warburg flasks containing 1 ml. R,K suspension, 0-5 ml. 0-1M substrate, 0-2 ml. 


2 x 10-*m cytochrome c, 0-2 ml. 0-1M-KCl, 0-2 ml. 0-1 M-MgCl,, 0-2 ml. 0-0133M-ATP and 0-7 ml. 0-2m phosphate buffer, 





pH 7-4. . as , 
Acetoacetic acid production 
in presence of 
A ~ 
Expt. Acetoin Pyruvate 
no. (umoles/hr.) (umoles/hr.) 
1 1-17 1-23 
2 1-15 1-74 
3 1-86 1-78 
£ 0-91 1-36 


Table 5. Balance experiments with rabbit-kidney ‘cyclophorase’ preparations 


Incubation at 37° for 1 hr. in 0-04m phosphate buffer, pH 7-4, with acetoin or pyruvate as substrate. Incubation 
medium as defined in Experimental section except that fumarate (1 ~mole) was added only where indicated. Values are 


given in umoles. 


Changes in amounts of metabolites 








Expt. Substrate Substrate 

1 Acetoin — 1-44 
Acetoin + fumarate — 2-25 
Pyruvate —2-2 
Pyruvate + fumarate —3:3 

2 Acetoin —2-11 
Acetoin + fumarate — 3-37 
Pyruvate — 1-83 
Pyruvate + fumarate —4-1 


In view of this lack of effect of added fumarate, we 
investigated whether the conversion of acetoin into 
acetoacetic acid could occur. The results in Table 4 
demonstrate that acetoin produces as much 
acetoacetic acid as does pyruvate under the action of 
‘eyclophorase’ preparations and that the amount is 
not less than that found with whole kidney-tissue 
dispersions. 

Balance experiments where the utilization of 
pyruvate and acetoin were measured in the presence 





A = 
Acetoacetic Butane- 
Og Co, acid 2:3-diol 
— 1-57 +0-29 +0°16 _ 
—0:77 +0°37 +0°85 ~- 
-0°81 +1-59 +0-23 +0-21 
— 2-36 +4-02 0 +0-18 
— 0-84 +0-49 +0-20 _ 
— 1-28 +0:88 +0-30 — 
— 0-76 +3-12 0 +0°35 
— 3-64 +7:23 0 +0-90 


and absence of fumarate by ‘cyclophorase’ pre- 
parations are presented in Table 5. As will be seen, 
fumarate stimulates slightly the utilization of 
acetoin by ‘cyclophorase’ preparations but neither 
the O, consumption nor CO, production would fit 
the requirements of complete oxidation. As 
acetate production was not measured, some of the 
acetoin disappearance may be due to conversion into 
acetate. The utilization of acetoin is very much 
smaller than with the tissue dispersions. 
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Table 6. Production of butane-2:3-diol from pyruvate 
by rabbit-kidney tissue dispersions and ‘cyclo- 
phorase’ preparations 


In addition to the enzyme preparation (1 ml.) and 
0-5 ml. of 0-1m pyruvate, the reaction mixture is the same 
as that given in the Experimental section. Incubation at 
37°. The figures are the amounts of BD produced, in 


pmoles. ; : ; 
Incubation period (min.) 
A 





Expt. r “, 
no. 15 75 135 
Tissue dispersion 
1 —_ 0-88 0-71 
2 — 0-95 0-72 
3 0-87 1-37 _— 
4 0-47 0-62 _ 
5 0-65 0-76 _ 
6 1-54 1-66 _— 
7 0-95 0-91 — 
‘Cyclophorase’ preparation 
8 1-59 2-37 — 
9 1-65 2-18 — 
10 2-78 1-88 —_— 
ll 1-48 1-45 — 
12 1-35 1-45 — 


The production of butane-2:3-diol from pyruvate 
by both rabbit-kidney tissue dispersions and 
‘eyclophorase’ preparations is demonstrated in 
Table 6. Although much more pyruvate is utilized 
by dispersions than by ‘cyclophorase’ preparations, 
usually more butane-2:3-diol was produced by the 
latter than by the former. 


DISCUSSION 


The metabolism of acetoin, butane-2:3-diol and 
diacetyl by kidney-tissue dispersions is more rapid 
than by kidney ‘cyclophorase’ preparations. The 
rate of disappearance of substrate is increased by 
the presence of catalytic quantities of fumarate. 
Fumarate stimulates both the oxygen consumption 
and carbon dioxide production of the tissue dis- 
persions but the effect on ‘cyclophorase’ prepara- 
tions is much less marked. 

Kidney-tissue dispersions on ageing at 37° lose 
some of their ability to remove pyruvate. This 
ageing process does not, however, affect the rate of 
removal of acetate, acetoin or butane-2:3-diol. This 
result may indicate that acetoin and butane-2:3-diol 
are not oxidized to carbon dioxide and water to any 
great extent or that the initial step in the production 
of active two-carbon fragments from pyruvate is 
the one mainly affected by the ageing and that this 
step is not required in the oxidation of acetoin and 
butane-2:3-diol. 

It is assumed that acetoacetate production is 
dependent on the condensation of two active two- 
carbon fragments. If this mechanism operated for 
the production of acetoacetate from acetoin and 
butane-2:3-diol observed with the ‘cyclophorase’ 
preparations, it would suggest that two-carbon 
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fragments can be produced from these compounds 
by ‘cyclophorase’. The rate at which this occurs 
must be slow since fumarate does not markedly 
stimulate the rate of oxidation although, with 
acetoin in ‘cyclophorase’ preparations, it enhances 
the rate of substrate removal. 

In rabbit-kidney tissue dispersions, the rate of 
acetoin and butane-2:3-diol removal is very much 
greater than can be accounted for on the basis of 
complete oxidation or acetate and acetoacetate 
formation. One possible explanation for this is that 
these compounds are converted into fat. 

Pyruvie oxidase can produce either acetate or 
acetoin from pyruvic acid (Jagannathan & Schweet, 
1952). In both tissue dispersions and ‘cyclophorase’ 
preparations a marked production of butane-2:3- 
diol from pyruvate was noted. From the investiga- 
tions presented here it appears that acetoin is 
metabolized largely by a route which might involve 
fat formation whilst acetate is more completely 
oxidized. As a working hypothesis it is suggested 
that the factors affecting fat formation from carbo- 
hydrate may act by determining what proportion of 
the pyruvate produced is converted to acetoin. The 
levels of butane-2:3-diol production found (Table 6) 
were apparently the balance state between produc- 
tion and utilization, as they did not always increase 
with time of incubation of pyruvate with enzyme. 


SUMMARY 

1. The rate of utilization of acetoin, butane- 
2:3-diol, acetate and pyruvate by rabbit-kidney 
tissue dispersions is greater than in the correspond- 
ing kidney ‘cyclophorase’ preparations. 

2. Both systems of enzymes can produce aceto- 
acetic acid from acetoin and butane-2:3-diol. 

3. The rate of disappearance of acetoin, butane- 
2:3-diol and pyruvate on incubation at 37° with 
kidney-tissue dispersions is much greater than can be 
accounted for by acetoacetate or acetate formation. 
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Schoenheimer, Ratner, Rittenberg & Heidelberger 
(1942) and Heidelberger, Treffers, Schoenheimer, 
Ratner & Rittenberg (1942) showed that pneumo- 
coccus antibodies are synthesized and eliminated 
from the circulation in actively immunized rabbits in 
much the same way as other 'N-labelled plasma 
proteins, and also that antibodies passively trans- 
fused to a non-immune animal do not incorporate 
145N administered as glycine in the diet. They 
arrived at a half-life for antibody and normal 
plasma proteins of 20 days, which is much longer 
than the values later obtained for rabbit plasma 
proteins by the use of C-labelled amino acids (cf. 
review by McFarlane, 1952). It is probable that the 
discrepancy is due to repeated utilization of labelled 
amino nitrogen. We thought it worth while, there- 
fore, to repeat their work both on actively and 
passively immunized rabbits, but using [?4C]lysine 
and [4C]phenylalanine instead of glycine. 

It seemed to us particularly important to in- 
vestigate whether passively transfused antibody 
takes up amino acid carbon. If antibody molecules 
take up neither nitrogen nor carbon from free amino 
acids, we may assume that they are not subject in 
the circulation to chemical reactions affecting their 
amino acid composition, and by analogy that 
normal plasma-protein molecules also enjoy the 
same chemical isolation. Thus the decay curve of 
plasma protein radioactivity will have an absolute 
significance and if amino acids are not re-incorpor- 
ated into newly formed protein ought to be identical 
with that of antibody concentration. In fact, our 
results show that they are never precisely the same, 
implying either that the rabbit does, in fact, dis- 
criminate in some way between the two so far as 
elimination from the circulation is concerned or 
that there is a small source of error, e.g. re-incorpora- 
tion, inherent in the transfused “C-labelled protein 
technique which has not hitherto been recognized. 

An additional objective was to find out whether 
transfused antibody is eliminated in the hyper- 
immune animal at the same rate as in the normal, 
since the demonstration that antibody elimination 
is independent of the rate of its synthesis is not only 
intrinsically interesting, but makes it possible, as is 
shown, to use available data to calculate absolute 
rates of antibody formation. 


METHODS 


Animals, Male albino rabbits bred in the National 
Institute for Medical Research were used throughout. Their 
weights lay between 2-3 and 2-7 kg., and they were main- 
tained on pelleted diet no. 18 (Bruce & Parkes, 1946) 
supplemented with hay. 

Blood samples. Following the transfusion or injection, 
3-6 ml. blood samples were taken from the marginal vein of 
the ear over periods in some cases as long as 3 weeks. Serum 
was fractionated, either before or after removal of antibody, 
by addition of 27 % (w/v) aqueous Na,SO, solution, buffered 
with potassium phosphate (J =0-1) at pH 7-8 to give a con- 
centration of 18%. The precipitate was separated by centri- 
fugation, dissolved in water and reprecipitated at 18% (in 
some instances 16%) Na,SO,. After removal of Na,SO, by 
dialysis the resulting globulin solution was regarded as 
y-globulin, although electrophoretic analysis indicated that 
about 5% of B-globulin was also present. The y-globulin, 
after removal of antibody, is termed ‘normal globulin’ 
without prejudice to the question whether or not it contains 
antibodies against unknown antigens (Grabar, 1950). 

Immunization. Formalin-killed type III pneumococci 
were used as antigen throughout. They were injected 
intravenously thrice weekly for 3-4 weeks or sometimes 
longer (cf. Kauffman, Bjorneboe & Vammen, 1938). Some 
animals received second courses after a 3-month interval, 
and among them remarkably high antibody titres (up to 
40 mg. antibody/ml. serum) were obtained. 

4C-labelled proteins. 170 mg. (102 uc) DL-[carboxry-C}- 
lysine monohydrochloride (Arnstein, Hunter, Muir & 
Neuberger, 1952) was given subcutaneously to a rabbit 
5 days after the last injection of pneumococci, and the 
animal was bled out and perfused with Ringer’s solution 
9-5 hr. later. The serum and perfusate were fractionated 
with Na,SO,, the thrice-precipitated total-globulin pre- 
cipitate containing 25% (w/w) of specifically precipitable 
antibody. The radioactivities of the antibody and normal 
globulin were 720 and 400 counts/min./mg. C, respectively. 
A second animal received 140 mg. pu-[carbory-C]phenyl- 
alanine supplied by the Radiochemical Centre, Amersham, 
and of much higher specific activity. This was given in 
divided doses over a period of 48 hr., beginning 2 days after 
the last injection of pneumococci. The rabbit was bled out 
and perfused 15 hr. later and the serum proteins were 
fractionated as before. The globulin precipitate contained 
40% (w/w) specifically precipitable antibody, and the 
radioactivities of antibody and normal globulin were 6320 
and 4840 counts/min./mg. C, respectively. 

Transfusions of labelled proteins. The labelled antibodies 
and normal globulins prepared as described were injected in 
0-9% NaCl solution into the marginal ear vein of rabbits. 
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Usually 0-3-0-4 g. antibody and 0-5 g. normal globulin were 
injected in 10 ml. of solution, and the injection was made 
over a period of 2 min. 

Separation of antibody. Preliminary experiments with 
pneumococcal fractions showed that at least 90% of the 
antibodies produced in response to formalinized pneumo- 
coccus type III were specifically precipitable with nitrogen- 
free purified capsular polysaccharide prepared by Dr 
P. G. H. Gell. Furthermore, this antigen-antibody system 
has the advantage that it forms a tight, stringy precipitate 
which separates out rapidly and almost completely even at 
high dilution, and the amount of antibody carried down in 
the zone of optimum proportions is little altered by up to 
50% excess of antigen. This makes quantitative precipita- 
tion of antibody from small amounts of serum relatively 
easy and rapid. All serum samples were allowed to stand at 
2° for 2-3 days and centrifuged for 15 min. at 2000 g before 
use, in order to remove any non-specific precipitate. The 
general procedure was that of Heidelberger & Kendall 
(1932), except that the antibody precipitates after washing 
with ethanol and ether were weighed directly, or the amounts 
were estimated by solution in 0-1 N-NaOH and measurement 
of the light absorption at 280 my. In some experiments, 
and in all samples in which the amount of antibody expected 
was less than 1 mg./ml. serum, complement was first 
removed by addition of an ovalbumin-—antiovalbumin 
system as described by Heidelberger & Mayer (1942). The 
antigen antibody precipitate contained approx. 3% 


antigen, which is neglected in the calculations. 

Protein estimations. These were made by weighing after 
drying, usually from the frozen state, or by measurement of 
light absorptions at 280 muy. on solutions in 0-1N-NaOH. 


Measurement of radioactivity. This is described in an 
Addendum to this paper by Bradley, Holloway & McFarlane. 
Protein samples (approx. 5 mg.) were combusted at 650° in 
a Pt boat in a stream of O,. The “CO, was condensed in 
liquid air, treated to remove traces of peroxides and trans- 
ferred quantitatively to a gas counting tube. 

Calculation of level of circulating radioactive protein. Some 
of the figures show curves marked A (antibody) and @ 
(normal globulin) which indicate the amount of transfused 
labelled protein in blood samples at various times. These 
represent values calculated from the specific activity of the 
material transfused and the concentration and specific 
activity of the same material in the samples, on the assump- 
tion that the radioactivity of the sample is due entirely to 
transfused molecules. The calculation is as follows: conen. of 
transfused labelled protein in sample=(total conen. of 
protein in sample) x (specific activity of sample)/(specific 
activity of original labelled protein). 

Correction for sampling. When repeated blood samples are 
taken, there is a cumulative removal of substances, some of 
which are not being continually replaced, and failure to 
recognize this may significantly affect estimates of half-life. 
It has therefore been necessary to apply a correction factor, 
based on the assumption that protein transfused to 2-3- 
2:7 kg. rabbits becomes part of a protein pool (composed 
partly of blood plasma and partly of extravascular tissue 
fluids) equivalent to that contained in 200 ml. plasma after 
15 hr. Subsequent removal of blood samples equivalent to 
2 ml. plasma, for example, requires a correction of 1% for 
each sample in estimating the pool size in the hypothetical 
unbled animal, while the correction for a sample of similar 
volume in the first 15 hr., i.e. before lymph-plasma equili- 
brium is established, lies between 1 and 2%. Corrections of 
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this kind were applied to each value after the first on the 


curves of antibody concentration and of normal globulin 
specific activity in the passive transfusion experiments. 


EXPERIMENTS AND RESULTS 
Passive immunizations 


Three experiments involving transfusions of 
labelled antibody and labelled normal globulin 
were made. In order to conserve radioactive 
material and yet reach a sufficient antibody level in 
the recipient rabbit’s plasma to permit quantitative 
recovery from small samples, the transfused proteins 
in the first two experiments were diluted before 
administration with twice their weight of similarly 
prepared unlabelled antibody-containing globu- 
lins—the expedient presupposing that proteins 
from different individuals will be treated in identical 
fashion. Although such an assumption is reasonable, 
the necessity for making it was avoided in the third 
experiment which was carried out without pre- 
liminary dilution, and in fact the results in all three 
experiments were closely similar. 

The first two experiments using [*C]lysine- 
labelled proteins gave identical results which are 
shown in Fig. 1. The third experiment using 
[4C]phenylalanine-labelled proteins also gave 
similar results which are shown in Fig. 2. It will be 
seen in each case that the antibody disappeared 
rapidly from the circulation during an initial phase 
lasting about 25 hr., and that subsequently a slower 
exponential elimination was established. The half- 
life of this elimination of antibody in the first rabbit 
was 150 hr. and in the second 98 hr. with no evident 
reason for the difference. On the other hand, the 
specific radioactivity of the antibody remaining in 
the circulation was substantially unchanged after 
20 days. Variations in specific activities, which are 
greater in Fig. 1 than Fig. 2, were within the overall 
error of each experiment. We conclude, therefore, in 
agreement with Heidelberger et al. (1942) who used 
[N]glycine, that transfused homologous antibody 
molecules do not exchange their constituent amino 
acids so long as they remain in the circulation. This 
conclusion is also reinforced by results with valine 
obtained by Gros, Coursaget & Macheboeuf (1952). 

Since the total normal-globulin concentration 
in the plasma remained substantially constant 
throughout, the globulin radioactivity curve pre- 
sumably reflects the disappearance of transfused 
radioactive normal globulins. The curves of anti- 
body concentration and of normal globulin radio- 
activity follow similar courses, particularly during 
the first 5 days, prompting the conclusion that they 
leave the body fluids at almost the same rate. The 
qualification is important since closer inspection 
suggests a small difference in the two rates, and this 
is discussed in greater detail below. 
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A fourth experiment in this series was performed 
to ascertain whether preliminary loading with 
passively transfused antibody affects the rabbit’s 
behaviour towards radioactive antibody given 
subsequently. Two intravenous injections were 
given 1 day apart, containing together 1-2 g. anti- 
body and 1-36 g. normal globulin. Three days after 
the second injection, when equilibration in the 
protein pool had been established, [!*C]lysine- 
labelled antibody and labelled normal globulin were 
transfused. The findings are given in Fig. 3 and it 
will be seen that the specific radioactivity of the 
antibody fell slowly to about half in the course of 
the first 50 hr. The time taken for lymph-plasma 
equilibration of antibody was unusually long in this 
animal, possibly because of the rather large amount 
of protein previously transfused. The A and G 
derived curves show the amounts of transfused 
radioactive antibody and normal globulin remaining 
in the circulation at various times, and indicate 
half-lives in the steady phase of decline of 105 and 
120 hr., respectively, compared with 122 hr. for the 
total antibody. We conclude that preliminary 
loading with passively transfused antibody does 
not significantly affect the rate of elimination of 
labelled antibody given subsequently. 


Active immunization 


Although normal animals eliminate transfused 
homologous antibody and transfused normal 
globulin at approximately the same rate, an animal 
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Fig. 1. Homologous [*C]lysine-labelled antibody and 
similarly labelled normal globulin in normal rabbit. 
340 mg. antibody (186 counts/min./mg. C) and 495 mg. 
normal globulin (200 counts/min./mg. C) dissolved in 
10 ml. injected intravenously into 2-3 kg. rabbit. First 
samples after 15 min. 
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Fig. 2. Homologous [*C]phenylalanine-labelled antibody 
and similarly labelled normal globulin in normal rabbit. 
380 mg. antibody (6320 counts/min./mg. C) and 520 mg. 
normal globulin (4840 counts/min./mg. C) dissolved in 
8-2 ml. injected intravenously into 2-5 kg. rabbit. First 
sample after 15 min. 
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Fig. 3. Effect of previous loading with unlabelled anti- 
body. Total of 1-195 g. antibody and 1-366 g. normal 
globulin injected intravenously in two equal doses 4 and 
3 days beforehand into 2-7 kg. rabbit; antibody level at 
start of experiment, 5-0 mg./ml. 64mg. [*C]lysine- 
labelled antibody (728 counts/min./mg. C) and 182 mg. 
normal globulin (400 counts/min./mg. C) in 10 ml. 
injected intravenously. First sample 15 min. later. 
A and G are calculated curyes showing concentrations of 
labelled antibody and normal globulin remaining in 
plasma (see Methods). 
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which is actively synthesizing antibody might be- 
have differently in this respect. A rabbit was there- 
fore hyperimmunized by two courses of pneumo- 
coccus type III injections and, 3 days after the last 
injection, was transfused with [14C]lysine-labelled 
antibody and similarly labelled normal globulin. 
Fig. 4 summarizes the results, and it will be noted 
that this rabbit had so much antibody in the serum 
before transfusion (35 mg./ml.) that the subsequent 
transfusion only raised the plasma antibody level 
by some 10%. This high dilution of the injected 
labelled material meant a consequent reduction in 
the accuracy of counting, but nevertheless the 
results are accurate enough to show that in condi- 
tions in which both antibody and normal globulin 
are being steadily replaced, the specific radioactivity 
of both falls in the same general way. The calculated 
A and @ curves show the usual features of initial 
rapid dilution followed by steady decline with half- 
lives of 126 and 112 hr., respectively. Since the 
antibody pool was several times greater than the 
normal-globulin pool the animal must have been 
manufacturing antibody several times faster than 
normal globulin, and yet there is no very evident 
difference in the rates of elimination of the two. 


DISCUSSION 


The results show that circulating “C-labelled anti- 
body molecules retained their specific radioactivity 
with remarkable constancy for as long as it was 
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Fig. 4. Homologous [C]lysine-labelled antibody and 
normal globulin in hyperimmune rabbit. 2-5 kg. rabbit 
immunized with two courses pneumococcus injections 
(last injection 3 days beforehand). 64mg. antibody 
(728 counts/min./mg. C) and 182 mg. normal globulin 
(400 counts/min./mg. C) in 10 ml. injected intravenously. 
First sample 15 min. later. A and G are calculated curves 
showing concentrations of labelled antibody and normal 
globulin remaining in plasma (see Methods). 
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possible to observe them and over a period (21 days) 
during which their concentration fell to less than 
5 % of the initial value. This observation, taken in 
conjunction with the demonstration by Heidel- 
berger et al. (1942), and by Gros e¢ al. (1952) that 
pneumococcus antibodies passively transfused to 
non-immune rabbits do not incorporate isotope- 
labelled glycine or valine administered in the diet, 
appears to establish beyond doubt that there is 
no mechanism for disintegrating or synthesizing 
pneumococcus antibody molecules or for translating 
amino acids from one such molecule to another 
within the plasma and lymph of the normal rabbit. 

Normal rabbit plasma proteins are probably 
equally insusceptible to chemical reactions, but to 
obtain absolute proof of this requires an assurance, 
which is available in the case of passively transfused 
antibody, that no new production of labelled mole- 
cules is taking place. In the absence of this 
assurance it is necessary to proceed by analogy, i.e. 
by comparing the elimination rates of labelled 
normal globulin and homologous antibody in the 
same rabbit, and the interpretation will be corre- 
spondingly confused if there are physicochemical 
differences between the two which affect their rates 
of elimination. There are, in fact, no known differ- 
ences of this kind between rabbit pneumococcus 
antibody and normal rabbit y-globulin, the current 
view being that they differ only in the finer details of 
molecular structure or surface configuration (cf. 
Haurowitz, 1952) but, of course, it is always 
possible that rate of elimination from the plasma is 
more sensitive to smaller chemical differences than 
is generally believed. 

Before discussing the results of experiments 
designed to make this comparison, it is desirable to 
explain the basis of the so-called A and G curves. 
The rate of decline of specific radioactivity after 
transfusing labelled proteins to an immune animal 
depends not only on the rate of elimination of the 
transfused labelled molecules but also on the rate at 
which new unlabelled ones are being discharged into 
the circulation. If an equilibrium exists, i.e. the 
animal is producing unlabelled protein and elimi- 
nating total protein of the same kind at equal rates, 
then the decline of specific radioactivity reflects 
only the elimination rate. Equilibrium may be 
disturbed in either of two ways, however, (a) by 
unbalanced production of unlabelled molecules, 
e.g. when the antibody level is rising or falling, or 
(6) by the appearance of a new source of labelled 
molecules, e.g. by re-incorporation of the label. 
Useful, if limited, information about the un- 
balanced system can be obtained if simplifying 
assumptions are made, especially that (b) is non- 
existent. In this case, for example, by postulating 
that labelled antibody molecules in the plasma at 
a given time were all part of an original transfusion, 
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it is possible to estimate the labelled antibody con- 
centration and obtain the so-called A curve. In 
Fig. 3 this turns out to be very different from the 
antibody specific-radioactivity curve, but as might 
be expected very similar to that of the normal 
globulin. 

When the various values relating to transfused 
labelled proteins are plotted semi-logarithmically 
the curves are linear, except during the first 20— 
40 hr. The work of Wasserman & Mayerson (1951) 
shows that the initial non-linear portion reflects 
mainly the equilibration of labelled proteins 
between blood and lymph while the linear portion is 
shown by Miller, Bly, Watson & Ball (1951) to 
reflect the transference of labelled protein molecules 
from lymph to tissue cells and their replacement by 
newly formed unlabelled ones. 

By extrapolating the linear portion of the passive 
immunization curves to zero time, estimates are 
available of a hypothetical concentration of anti- 
body and of a hypothetical specific activity of 
normal globulin which would have resulted if the 
transfused labelled proteins had become instantly 
dispersed throughout the plasma and lymph at 
uniform concentration. For example, in Fig. 2 both 
the antibody concentration and the globulin specific 
activities fall to hypothetical values which are 60% 
of the measured starting values. This means that 
two-fifths of the labelled antibody has passed out of 
the circulation, and similarly that two-fifths of the 
labelled globulin has also passed out and been 
replaced in the circulation by the same amount of 
unlabelled globulin. The information which may be 
deduced from these figures is that the lymph volume 
is sufficient to accommodate two-thirds of the anti- 
body or normal globulin in the plasma, though what 
this volume is will, of course, depend upon the mean 
concentrations of these proteins in the lymph. It 
seems reasonable to suppose that in the animal 
referred to in Fig. 2 the actual lymph volumes and 
the ratios of lymph concentration of each protein to 
its plasma concentration, were the same. In the 
animal referred to in Fig. 1, on the other hand, it 
appears that at equilibrium the lymph held an 
amount of normal globulin approximately equal to 
that in the plasma, whereas it held rather more 
(approx. 10%) than an equal amount of antibody 
for reasons which are not understood. 

The results of the passive immunization experi- 
ments (Figs. 1 and 2) also show that the slopes of the 
curves of antibody concentration and normal- 
globulin specific activity are similar, but probably 
not identical. Superposition shows the apparent 
half-life of globulin activity to be 135-145 hr. 
(elimination rate 11-5% per day), while that of 
antibody concentration is 120-130 hr. (elimination 
rate 12-5% daily). A fractional difference in the 
same sense is also evident in the derived A and G 
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curves of Fig. 3, but not in those of Fig. 4. More 
experiments are necessary to establish the signific- 
ance of this difference, but assuming it to be real, an 
obvious explanation is that labelled amino acids 
liberated by the breakdown of transfused antibody 
and normal globulin are being re-incorporated into 
plasma proteins. Since the passively immunized 
animal is not making new antibody, similar re- 
incorporation cannot affect the slope of the A curve 
in Fig. 3. Correspondingly, since the actively im- 
munized animal of Fig. 4 is making new antibody, 
we expect (and find) little or no difference between 
the A and G curves. They need not be identical in 
this case, however, because the new production of 
antibody, although initially faster than that of 
globulin, did not balance its elimination, the plasma 
titre falling during the experiment. The general 
conclusion may be drawn that re-incorporation of 
the isotope label may significantly affect the results 
of experiments using transfused labelled proteins, 
and that the use of a serological label is free of this 
possible source of error in the measurement of 
elimination rates. 

We have also observed the course of labelling of 
plasma proteins in normal and immune rabbits 
using [*4C]amino acids with results which will be 
published in due course. In these experiments 
similar exponential decay curves have been ob- 
tained in the period 20—200 hr., but with somewhat 
longer corresponding half-lives, suggesting that the 
re-incorporation of labelled amino acids proceeds 
on a larger scale, as might be expected. However, 
the apparent rates of elimination are not so much 
longer as to suggest that the rabbit discriminates in 
any notable way between antibody which it has 
received from another animal and that made by 
itself. Any major effect of this kind would, of course, 
seriously qualify the more general conclusions in 
this paper. 

Although the work described above has been 
confined to pneumococcus antibodies, the elimina- 
tion rate after passive transfusion in rabbits is much 
the same for other antibodies. Earlier work by one 
of us (J. H. H.) showed that when mixtures of homo- 
logous antisera, prepared against human group A 
erythrocytes and against Forssman antigen, were 
transfused, with or without changes in blood 
volume, the half-lives of the second stage of 
elimination in nine rabbits averaged 120 hr., with 
a range of 96-132 hr. These antibodies are often 
found in normal rabbits, and are to that extent less 
artificial than pneumococcus antibodies, yet their 
behaviour is so alike that it seems safe to say that an 
average elimination rate of 12-5% daily applies 
generally to antibodies in rabbits. 

In the active-immunization experiment the 
plasma antibody concentration was as high as 
35 mg./ml. and in the passive ones lower than one- 
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Table 1. Serum antibody levels and mean rates 
of antibody production in a hyperimmunized 
rabbit 


The protein in the plasma and lymph spaces of this 
2:5 kg. rabbit was found to be equivalent to the protein in 
200 ml. of its plasma. Immunizing injections of formalin- 
killed pneumococcus type III were given on the Ist, 3rd, 
5th and 10th days and totalled 10" organisms. 


Mean rate of 
mg. synthesis 
antibody/ml. (g./day) 
0-04 — 
16-2 0-6 
33-0 1-45 
; 38-1 1-85 
. Et. 35-0 1-18 
ee 32-0 0-65 


tenth of this value. Nevertheless, within the limita- 
tions of the experimental accuracy, the elimination 
rates are the same, viz. 12-5 % daily. This means, of 
course, that the absolute rate of disintegration of 
antibody protein in g./day is different by an order of 
magnitude in the rabbits immunized in these two 
different ways and leads us to suggest the use of the 
term ‘rate fraction’ rather than merely ‘rate’ to 
denote the regular elimination of a constant pro- 
portion of all the antibody protein in the plasma and 
lymph. When the rate fraction for elimination is 
constant, absolute rates of antibody production 
follow at once from a knowledge of the total weight 
of antibody in the plasma and lymph. So long as 
plasma concentrations are steady, absolute pro- 
duction rates of antibody or normal globulins must 
be in proportion to their concentrations. When the 
level is increasing or diminishing steadily we may 
assume, as a first approximation, that production 
over a period is that required to maintain the mean 
level together with that required to compensate for 
any net change in the pool size. An example of the 
application of these principles is given in Table I, 
which refers to a rabbit hyperimmunized with 
pneumococecus type III. This animal not only 
produced antibody, for a short period, four times 
as fast as normal globulin, but during the 19-day 
period of observation made approx. 18 g. new anti- 
body, in response to an antigenic stimulus of 
2-5 mg. pneumococci of which not more than 10% 
was antigenic capsular polysaccharide. 


SUMMARY 


1. Radioactive antibody and normal globulin 
have been prepared by injecting [carboxy-“C]lysine 
and [carboxy-*C]phenylalanine into rabbits hyper- 
immunized against pneumococcus type III. These 
have been transfused to normal and immune 
rabbits. 


GLOBULIN ELIMINATION 


191 


2. The specific radioactivity of antibody trans- 
fused into normal rabbits remained unchanged for 
as long as 3 weeks, indicating that molecules of this 
kind do not exchange their amino acid carbon while 
they remain in the circulation. The concentration of 
antibody and the specific radioactivity of trans- 
fused globulin declined at a steady rate of approxi- 
mately 12-5% per day, the globulin rate being 
fractionally lower than that of the antibody. 
It is suggested that the true rate of elimination 
of these globulin-like molecules is given by 
the decline of the serological label which is irre- 
versibly lost rather than by isotopic labelling, 
even where the isotopically-labelled proteins are 
transfused. 

3. The specific radioactivities of transfused 
labelled antibody and labelled normal globulin in 
the plasma of immune rabbits both declined at the 
same approximate rate of 12-5 % per day. The rates 
of antibody and normal-globulin elimination are 
shown to be approximately the same and inde- 
pendent of the rate of production. Hence the weight 
of these proteins produced in a given interval is 
proportional to their average plasma concentration 
over the same period. An example is given of the 
use of this information to calculate absolute rates of 
antibody production by a rabbit at various stages of 
hyperimmunization. 


The authors are indebted to Dr P. G. H. Gell for supplying 
pneumococcus type IIT polysaccharide; to Dr G. Hunter for 
synthesizing “C-labelled lysine; and to Mrs A. Dovey and 
Mr R. C. Holloway for much valuable help in preparing and 
assaying protein samples. 
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ADDENDUM 


Assay of !4C in the Gas Phase as Carbon Dioxide 


By J. E. 8. BRADLEY, R. C. HOLLOWAY anp A. S. McFARLANE 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 18 August 1953) 


The assay of biological materials for their 4C content 
preserts certain difficulties owing to the low energy 
of the radiation emitted. While the direct assay of 
solid substances by means of thin end-window 
counters, which is popularly used, is very con- 
venient, the method has the following disadvant- 
ages: (a) the sensitivity is low owing to absorption 
in the window of the counter; (b) many materials, 
owing to their granular or hygroscopic nature, are 
difficult to prepare in uniform layers in a repro- 
ducible manner; (c) comparisons of carbon specific 
radioactivity (which are usually sought) cannot be 
made directly from counts on materials of different 
composition. 

The two last difficulties can be overcome by 
combustion of the material, followed by absorption 
of the carbon dioxide in barium hydroxide, and 
assay of the resulting barium carbonate; but the 
first remains. Some improvement in efficiency can 
be effected by the use of windowless counters, but 
losses due to poor geometry and absorption by the 
sample itself are still large. The problem has been 
adequately reviewed recently (Bernstein & Ballen- 
tyne, 1950: Brown & Miller, 1947). 

The difficulties outlined above have led to in- 
creasing use of assay methods employing gaseous 
carbon dioxide suitably mixed with other gases to 
give favourable counting properties, and two general 
methods of assay for biological materials have been 
described. That of Van Slyke, Steele & Plazin (1951) 
employs the well-known wet-combustion technique 
of Van Slyke & Folch (1940) for 5-15 mg. samples, 
followed by proportional counting of “CO, activity 
in the presence of methane, the latter as described 
by Bernstein & Ballentine (1950). The second, 
described by Glascock (1952), is based on a standard 
micro-analytical dry combustion (C and 4H), 
modified to enable water and carbon dioxide to be 
collected by condensation instead of by chemical 
combination. The “CO, is then assayed in a Geiger 
counter of the type described by Brown & Miller 


(1947) using CS, as a charge-transfer gas. This gas, 
however, is inconvenient to handle in a vacuum 
system, and counters filled with CO,-CS, and 
operated in the Geiger region have been shown to be 
15 % less efficient than CO,—methane-filled counters 
operated in the proportional region (Miller e¢ al. 
1950). 

The method to be described here follows closely 
that of Glascock in the preparation and handling of 
the CO,, but differs from his method and that of 
Van Slyke et al. (1951) in that the CO, is assayed as 
the pure gas, i.e. at the upper end of the region of 
limited proportionality. Buchanan & Nakao (1952) 
describe an improved version of the Van Slyke 
technique and mention that they have used pure 
CO, although they prefer to mix it with methane. 
The pulses from pure CO, in their (metal) tube are 
described as ‘jagged’ and overshooting of the 
counting rate occurs, an experience we have not had 
while using the Pyrex tube described below. We 
take the view that the introduction of an auxiliary 
gas is unnecessary. 


APPARATUS 


4CO, produced by combustion of 2-10 mg. samples in O, in 
a quartz tube is condensed in a spiral in liquid air, surplus O, 
and other gases being pumped away, and the “CO, then 
passes into the high-vacuum part of the line for introduction 
into the counting tube. The quartz combustion furnace and 
Pyrex vacuum manifold are illustrated in Fig. 1. The simple 
‘band filling’ of the combustion tube for C and H analyses 
(but omitting the PbO,, for reasons detailed below) is 
followed by a spiral Pyrex trap immersed in liquid O,. 
The tubes employed (Fig. 2) have graphite cathodes and 
0-1 mm. diameter tungsten centre wire (42 s.w.a.), the 
total volume being about 30-0 ml. Protruding glass sleeves 
over the electrodes help to minimize leakage across the 
surface of the glass at the relatively high voltages used. The 
tubes are usually of our own construction but correspond in 
general design to a larger tube, viz. type GA26, by 20th 
Century Electronics, Ltd. This tube and a smaller version of 
it made for us by that firm also both proved satisfactory. 
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Fig. 1. Furnace and high-vacuum line used for the combustion of “C-substances in a stream of oxygen and subsequent 
collection and purification of carbon dioxide. The pressure of gas is measured at constant volume in a mercury 
manometer before transferring the gas to a proportional counter for measurement of radioactivity. All taps and 
ground joints are lubricated with Apiezon ‘T’ grease. (Metropolitan-Vickers Electrical Co. Ltd.) 
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Fig. 2. Geiger tube with graphite cathode and tungsten 
anode for assay of radioactive carbon dioxide in the pro- 
portional region. 


The operating potential on the tube is in the region of 
2600 Vv, at which voltage plateaux 200 v long, with slopes not 
greater than 4%/100 v are obtained (Fig. 3). The counter 
pulses are fed to a 1008-type linear amplifier (Atomic 
Energy Research Establishment, Harwell) and thence to 
ascaler (type 1009). The overall gain is 5 x 104 and the pulses 
are fed to a discriminator which rejects all below 25 v. Tube 
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Fig. 3. Graph showing relationship of counting rate to 
anode voltage for a given sample of radioactive carbon 
dioxide. A working voltage is chosen in the middle of the 
plateau. 


efficiencies are such that at least 80% of all C disintegra- 
tions are registered. The efficiencies were determined by 
combustion of a standard “C-labelled material (serum 
albumin) the activity of which was established by com- 
parison of a solid sample with a substandard of 'C-labelled 
polystyrene, supplied by The Radiochemical Centre, 
Amersham, Bucks. The albumin is convenient for testing 
since it combusts easily and reproducibly and is closely 
similar in composition to the materials usually combusted ; 
14C-labelled polystyrene, on the other hand, does not readily 
combust quantitatively. Tube efficiencies in the region of 
80% which we obtain are a few per cent higher than 
correspond with the geometrical ratio of active to total 
volume of the tube, possibly reflecting an uncertainty in the 
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absolute value of our standard. Freedman & Anderson 
(1952) could not obtain better slopes than 10%/100 v using 
metal tubes at higher pressures of pure CO,. 


PROCEDURE 


To ensure efficient condensation of 44CO,, the pressure in the 
spiral trap is maintained below 1 mm./Hg, since below this 
pressure the mean free path of water molecules increases 
rapidly and they are more likely to strike the condensing 
surface. During combustion the flow of cylinder O, is 
maintained at approx. 15 ml./min. with the help of tap 7, 
and the visual indication of the bubbler (B.S.S. 1428; Part 
Al, 1950), and the excess of oxygen is pumped away via 
a bypass system (not shown) with the tap 7’, closed, the rest 
of the manifold being under high vacuum. No special care is 
taken to remove CO, and organic compounds from the O, 
used, as with the usual sample weights employed (2-10 mg.) 
the correction for the blank CO, is equivalent to less than 
10yg. of C. All heating of the combustion furnace is done 
electrically and the traversing section at 800-850° is 
electrically driven. As in Glascock’s technique, 5-7 min. is 
required for a single combustion. Any residual CO, in the 
combustion tube is recovered by closing tap 7’, and evacu- 
ating the combustion tube via the trap. The trap is then 
isolated from the combustion tube and evacuated to below 
10-° mm. Hg by opening 7’,. 7’; is then closed and the liquid 
O, replaced by an ethanol-solid CO, bath. The “CO, con- 
densed in the spiral evaporates and is shared by the spiral 
and the rest of the manifold by opening 7’;. 7’; is then closed 
again, and the 14CO, in the line condensed in the purifier. 
This procedure, by which about 8% of the CO, is sacrificed 
in the spiral, reduces to negligible levels the transfer of 
impurities, including water, which are significantly volatile 
at the temperature of solid CO,. Where a value for total 
carbon in the sample is also sought (see below) the proportion 
of total CO, thus rejected is accurately known from a volume 
calibration of spiral and line separately. 

The CO, is purified from volatile electronegative gases 
by contact for 1-2 min. with a reduced-copper wire heated 
electrically to redness, and is then condensed again while the 
non-condensable gases produced by reaction with the wire 
are pumped away. The CO, is then allowed to evaporate 
and is condensed in the manometer where its mass is 
measured in terms of the pressure produced in a known 
manometer volume. The pressure of gas in the manometer is 
raised to a standard value by introducing inactive CO, from 
the reservoir (via a tap with a tapering groove filed in the 
key for easier control). Sample “CO, thus mixed with 
inactive CO, is then transferred to the counter by condensa- 
tion. The pressure in the counter is 20 em. Hg, this being the 
lowest pressure at which good counting properties are 
obtained. 

Except with samples of very low activity, a complete 
analysis for “C activity, from commencement of com- 
bustion to completion of counting, requires 75 min. and 
samples can succeed one another at 40 min. intervals. The 
operation of the counters and of the scaling equipment is 
routinely checked by means of calibrated active CO, drawn 
from a reservoir. The daily background behind 1 in. Pb 
shielding has been 17-18 counts/min. with a variation from 
day to day which is just outside the statistical error. 

Of eleven typical combustions of “C-labelled serum 
albumin, a mean specific activity of 519+ 9-0 counts/min./ 
mg. C was obtained, compared with a figure of 515 derived 
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from a solid-count comparison with the C-substandard. 
The mean carbon content calculated from the recovery from 
the samples was 49-1+0-18% compared with 49-7% 
determined by standard microanalytical procedure. 


DISCUSSION 


We have found the method of purification of the CO, 
described above to be indispensable because of the 
extreme sensitivity of the proportional counter to 
traces of electronegative gases. The function of the 
PbO, in the conventional C and H apparatus is to 
absorb oxides of nitrogen, sulphur and halogens 
and, provided the peroxide is suitably prepared, 
good results are obtained in gravimetric measure- 
ments. However, in our experience, traces of oxides 
of nitrogen (and possibly oxychlorides) escape 
absorption by the PbO, and suppress counts in the 
tube. For example, 1 vol. NO, in 10000 vol. “CO, 
produces several per cent reduction in the counting 
rate. While PbO, of sufficiently high standard to 
retain even this small quantity of impurity can be 
prepared, its efficiency is markedly impaired after 
the combustion of only four to five organic samples 
of 5 mg. each; in addition, PbO, has other objection- 
able features, owing to its strong affinity for CO, and 
H,O (Niederl & Niederl, 1942). The procedure 
described here deals adequately with the relatively 
high concentrations of oxides of nitrogen and 
sulphur in gas from the combustion of proteins when 
the PbO, is omitted altogether. 

The technique is specially designed for the assay 
of 2-10 mg. protein samples of low specific activity 
such as occur in studies with [!*C] amino acids on 
small laboratory animals, where the weight of 
sample is limited or on humans where the activities 
are low. In our experience it is more accurate than 
solid-sample counting because of the difficulty in 
preparing protein films of uniform thickness free 
from cracking and troubles due to absorption of 
moisture during the counting. We have also found 
protein powders, especially after drying from the 
frozen state, to be objectionable to handle from the 
point of view of personal protection and of keeping 
the laboratory free from contamination. On the 
other hand, a small piece of freeze-dried ‘protein 
cake’ is easily transferred intact to the platinum 
boat where it is at once wetted, dried under the 
infrared lamp and weighed when cold. In all sub- 
sequent handling, the protein adheres tenaciously 
to the boat until combustion is complete. The waste 
active gas is finally pumped through an exhaust pipe 
which passes through the laboratory window. In 
some thousands of combustions, we have so far had 
no case of significant cross-contamination of samples 
or of arise in the activity of the dust in the counting 
room. An accessory virtue of the technique lies in 
the fact that a micro-ahalysis for carbon is carried 
out and the information so obtained often throws 
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important light on the purity of the biochemical 
specimen. 

Against these advantages has to be set the fact 
that the apparatus described requires the close 
attention of a skilled operator; unlike solid-sample 
counting, the technique does not lend itself to 
automatic operation. 


SUMMARY 


A technique is described for the assay of “C using 
carbon dioxide. The gas obtained by micro- 
analytical combustion is purified by contact with 
a hot copper filament and its radioactivity assayed 
in the proportional region without admixture. 

We owe the construction of the counting tubes and of 


several gas lines to the skill of Mr D. Hart, whose services we 
gladly acknowledge. 
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Fate of Homologous Antibody in the Rabbit 


By J. H. HUMPHREY anp A. 8S. McFARLANE 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 18 August 1953) 


In the preceding paper (Humphrey & McFarlane, 
1954) it was shown that “C-labelled antibody and 
“C-labelled normal y-globulin disappear from the 
circulation of the rabbit at similar rates. Evidence 
was produced to support the view first put forward 
by Heidelberger, Treffers, Schoenheimer, Ratner & 
Rittenberg (1942) that antibody molecules in the 
circulation do not exchange their constituent amino 
acids, and it was suggested that normal globulin 
molecules probably also do not do so. Antibody 
molecules may therefore be permissible tools for 
use in the study of the ultimate fate of plasma 
globulins, the important advantage being that they 
can be identified and recovered from the tissues by 
means of specific precipitation. 

The fate of transfused homologous whole-plasma 
proteins labelled with [!4C]lysine has been studied 
by Yuile, Lamson, Miller & Whipple (1951) in dogs. 
Although these workers were able to account for 
ahigh proportion of the original activity transfused, 
their results do not reveal how much of the radio- 
activity found in the tissues was in the form of 
unchanged transfused protein and how much was 
represented by newly formed tissue proteins. In 
addition, they did not distinguish between labelled 
intracellular protein and labelled plasma protein in 
the lymph. By transfusing “C-labelled antibody 
globulin and using specific antigen-antibody pre- 
cipitation, it may be possible to determine how 


much of the labelled protein found in the tissues is 
unchanged antibody. Furthermore, if Evans Blue 
dye (T 1824) is injected at least 12 hr. before death, 
the dye content of the perfused organs provides an 
estimate of the maximum amount of residual lymph 
protein—with certain reservations which are 
discussed below. 

There follow results of a study of this kind on a 
rabbit killed 8 days after receiving a transfusion of 
[44C]phenylalanine-labelled plasma globulins taken 
from another rabbit immunized against the capsular 
polysaccharide of pneumococcus type IIT. It would 
obviously be preferable to use pure labelled anti- 
body, but since it was impracticable to separate 
pneumococcus antibody from other y-globulins in 
sufficient amount we were obliged to use the total 
y-globulins (called hereafter C-labelled globulin) 
from the plasma of an immunized rabbit. Thus, 
although all the transfused material had a radio- 
active label, only 40% was labelled serologically. 
We assume throughout that the ratio of ™C- 
labelled antibody to C-labelled normal globulin is 
not altered during the passage of the transfused 
proteins throughout the body fluids of the recipient, 
and that both antibody and normal globulin are 
broken down and/or incorporated into tissue protein 
at the same rate. It is a corollary of this assumption 
that when labelled antibody is extracted from 
tissues by specific precipitation, a proportionate 
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amount of radioactivity due to transfused labelled 
normal globulin is left behind, and this has to be 
taken into account in estimating the true radio- 
activity of the tissue carbon. 


METHODS 


[24C]Phenylalanine-labelled antibody-containing globulins. 
The preparation of these has been described in the pre- 
ceding paper (Humphrey & McFarlane, 1954), the mixture 
comprising 40% specifically precipitable antibody with 
activity 6320 counts/min./mg. C and 60% other globulins 
giving 4840 counts/min./mg. C. B-Globulins were less than 
5%, and radioactive free amino acids were absent. 

Estimation of radioactivity. Radioactivity was measured 
by combustion to CO,, and counting in the gas phase as 
described by Bradley, Holloway & McFarlane (1954). An 
advantage of the method for the present work lies in the 
fact that it furnishes also the carbon content of the dried 
sample and therefore permits specific activity values to be 
related to the organic matter in the material (assumed to 
contain 50%, w/w, carbon). 

Estimation of antibody. The amounts of antibody present 
in the various organ samples were too small to allow direct 
precipitation from the supernatant fluids obtained after 
disintegration of the tissues, especially because of the 
particulate nature of the tissue extracts. An ‘antibody 
dilution’ method was therefore adopted in which a known 
amount of inactive carrier antibody was added to the tissue, 
and the amount of radioactive antibody estimated by 
measurement of the radioactivity in the mixed precipitate. 
After disintegration of the tissues, as outlined below, a 
solution of inactive antibody containing roughly 1 mg. 
specifically precipitable material/g. wet wt. of tissue was 
added and stirred well in. The antibody was in the form of 
a y-globulin concentrate prepared from a hyperimmune 
serum by the method used to prepare C-labelled globulins. 
After addition of carrier antibody, the disintegrated tissues 
were frozen to — 70° and stored overnight at —5°, thawed 
out and stirred again. By this means carrier should come 
into equilibrium with any radioactive antibody present. 
The mixtures were then centrifuged at 2000 g for 2 hr. at 4° 
and the supernatants removed. Each deposit was stirred 
with a smaller volume of 0-9% (w/v) NaCl, and the mixture 
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centrifuged as before. The washed deposits were stored at 
-—5° and the combined supernatants centrifuged for a 
further period of 2hr. at 2500g at 4°, to remove any 
material which might interfere with subsequent precipita- 
tion of the antigen-antibody complex. The supernatants at 
this stage were clear or faintly opalescent, and were tinged 
with varying amounts of blue (for use of Evans Blue see 
below). To them were added solutions of antigen calculated 
to be in slight excess of optimum proportions for the carrier 
antibody. After standing overnight at 2°, the precipitates 
were collected by centrifuging for 15 min. at 2000 g at 4°, 
and washed twice with 0-9% NaCl solution followed by 
50% (v/v) aqueous methanol, absolute methanol and ether. 
Drying was completed overnight at 37°, and the residues 
subsequently weighed and used for estimation of radio- 
activity. The supernatants, from which antibody had been 
removed, were stored at — 5° until they were dried from the 
frozen state, and later used for estimation of radioactivity 
and dye content as described below. 

Calculation of the amount of radioactive antibody present 
in the disintegrated tissue was carried out as follows: if 
C mg. of added carrier antibody come into equilibrium with 
A mg. already present, and the specific radioactivities of the 
originally transfused antibody and of the specific precipitate 
are R* and R?, respectively, then 


Rt x A= RC +A). 


C x RP 


Hence A= RoR’ 





Preliminary control experiments were made in which 
small quantities of radioactive globulin containing known 
amounts of antibody were added to the minced tissues of 
a perfused normal rabbit. The tissues were then disinte- 
grated as in the main experiment, and the procedure 
described above was followed. The results in Table 1 show 
that the labelled-antibody content estimated by the anti- 
body-dilution technique agrees with the amount added. 
Furthermore, when supernatants before precipitation of 
antibody were treated with anti-ovalbumin serum contain- 
ing 5 mg. antibody followed by ovalbumin at optimum 
proportions, the anti-ovalbumin precipitates contained no 
radioactivity, indicating that precipitation in this antigen- 
antibody system was specific. 









Radioactive Carrier Specific activity Calculated amount 
antibody added antibody added _ of recovered of radioactive 
Tissue (mg.) (mg.) antibody antibody recovered 
Kidney 0-69 4:3 861 0-745 
1-31 4:3 1321 1-26 


0-086 
0-018 
0-018 
0-18 
0-18 
0-018 


Lung 









Muscle* 





6-0 
6-0 





6-0 


* If the muscle extract remained at 2° for 3-7 days after the first antigen-antibody precipitate had formed, a further 
precipitate occurred, composed of some unstable muscle proteins. One precipitate was Collected and found to have no 












6-0 43-2 0-0352 
6-0 28-7 0-023 


20-3 0-0166 













196 0-16 
6-0 192-5 0-159 
37 0-022 





radioactivity, although radioactive globulin not precipitable with specific pneumococcal polysaccharide was still present 


in the fluid, demonstrating that non-specific coprecipitation did not occur. 
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Estimation of Evans Blue in tissues. Evans Blue (T1824, 
British Drug Houses Ltd., Poole) was used as described 
below to estimate the amount of residual plasma proteins in 
the perfused tissues and organs. This dye is known to com- 
bine rapidly and completely with plasma albumin (Rawson, 
1943) and the amount used was estimated to be approx. 
1 mole/mole albumin. Since the disintegrated tissues con- 
tained varying amounts of haemoglobin and other haem 
compounds, and of lipid, it was not possible to estimate the 
amount of dye present in the usual way by measurement of 
light absorption at 620 my. It was found, however, that the 
dye could be quantitatively extracted from freeze-dried 
tissues or supernatant fluids by heating with acid alcohol 
(6 vol. ethanol and 1 vol. cone. HCl) until the alcohol just 
boiled, followed by immediate cooling in ice. Such extracts 
also contained acid haematin as the principal interfering 
substance. Control experiments on dye solution and on 
tissue extracts prepared from the organs of perfused normal 
rabbits showed that, whereas the absorption by the dye at 
400 mp. was only one-third that at 620 my., the absorption 
of tissue extracts was 12 to 20 times greater at 400 than at 
620 mp. (depending on the tissue). Hence the absorption 
values at the shorter wavelength were used to correct those 
at 620 mu. The dye concentrations in the extracts were 
compared with that in a freeze-dried sample of serum taken 
lhr. before death. An interval of 25 hr. was allowed 
between giving the dye and killing the rabbit, since a study 
of the rate of disappearance of Evans Blue from the plasma 
in other rabbits (Fig. 1) showed that this interval was 
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Fig. 1. Disappearance of Evans Blue from rabbit plasma. 
40mg. Evans Blue in 2 ml. 0-:9% NaCl solution in- 
jected intravenously into a rabbit weighing 2-35 kg. 
Blood samples of 4 ml. were taken at intervals, avoiding 
haemolysis, and the clear plasma was diluted 1:40 before 
measurement of EZ, ,,, at 620 mu. 
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sufficient to allow complete mixing of the dyed proteins of 
the plasma with the proteins in the lymph. The use of a dye 
bound exclusively to albumin to follow the concentration of 
y-globulins (including antibody) in the lymph is justified 
only if the albumin: globulin ratios in plasma and lymph are 
similar. The available evidence (see Drinker & Yoffey, 1941) 
shows that the albumin: globulin ratio in lymph is not more 
than 10-20% greater than that in the plasma, and this con- 
clusion is supported by results of experiments, which will be 
published shortly from this laboratory, showing that 
transfused “C-labelled homologous albumin and globulin 
have their specific radioactivities diminished in approxi- 
mately the same proportion on passing out of a recipient 
rabbit’s plasma into the lymph. Unfortunately, in the 
experiments to be described here, significant adsorption of 
dye by certain tissues (notably kidney, liver, spleen, bone 
marrow and, to a lesser extent, vascular endothelium, gut 
and lymphoid tissue) was observed. Furthermore, when 
disintegrated tissues from a perfused normal rabbit were 
mixed with small amounts of serum taken from a rabbit 
which had received Evans Blue, some degree of adsorption 
of the dye on to particulate material occurred, even in vitro. 
This creates a difficulty in determining the ante mortem 
distribution of the dye, which we propose to resolve by 
considering the total amount of dye as a measure only of 
the maximum total lymph protein. 

Perfusion of rabbit. Blood was removed practically com- 
pletely in the following way. The rabbit was injected intra- 
venously with 5 mg. heparin, and then the chest was opened 
under Nembutal anaesthesia and a large cannula tied into 
the left auricular appendix. The right auricle was removed, 
and fluid run in at about 150 cm. water pressure through the 
cannula, while the ventricles were alternately filled and 
emptied by manual compression so as to imitate the action 
of the beating heart. 31. of Ringer solution were perfused, 
followed by 2 |. citrate saline, warmed to 37°. After the first 
31. had been perfused the fluid issuing from the right auricle 
was practically blood-free. It is probable that some extra- 
cellular tissue constituents will have been washed out since 
lymph flow is quite marked when perfusion with a pulsating 
pressure is used. After perfusion no blood could be obtained 
from the cut surfaces of the organs, which appeared to be 
quite bloodless although stained varying depths of blue. 

Disintegration of the tissues. After removal from the 
animal, the organs were weighed, mixed with crushed ice and 
stored at 2°. Weighed portions of the soft tissues were 
coarsely minced, mixed with an equal weight of 0-9% NaCl 
solution, and ground for 20-30 sec. first in a coarse and then 
in a fine glass Potter-type homogenizer rotating at 200- 
300 rev. min.—! and cooled in ice so that no appreciable rise 
in temperature occurred during the grindings. The disinte- 
grated tissues were then cooled to — 70° andstored overnight 
at — 5° after which they were thawed out and carrier antibody 
was added as described above. Skin and muscle could not 
be disintegrated in the homogenizers and, before adding the 
saline solution, were shattered by repeated banging with a 
hammer in a stainless-steel block cooled with liquid air. 

No attempt is made to define the degree of cell destruction 
produced by these means, although the combination of 
grinding with repeated freezing and thawing is generally 
presumed to break up cells and to release soluble consti- 
tuents. It is probable that intact mitochondria and larger 
particles were in the deposits obtained in the subsequent 
centrifugation (cf. ‘Estimation of antibody’, above) since 
the supernatants were clear or only moderately opalescent. 
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Table 3. Corrected tissue-protein specific radioactivities 
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The values shown here are derived from the measured values shown in Table 2 by allowing for the fact that the crude 
deposits and supernatants both contained, in addition to tissue protein, some transfused active globulin and some inactive 
carrier globulin. The deposits also contained antibody (both radioactive and carrier) which was not recovered in the 


supernatant. 


Specific radioactivity of carbon in 


Total organic 


—_—---aqt*#—"“. matter found in 


Liver 

Kidney 

Spleen 

Lymph glands 
Appendix* 

Tleum 

Skin 

Skin and connective tissue 
Femoral bone marrow 
Adrenal 

Thigh muscle 

Lung 

Heart 


Supernatant (after supernatant 

Deposit antibody ppn.) %) 
11-0 20-0 4l 
10-6 11-0 28 
12-0 9-5 66 
78 9-1 56 
10-2 18 40 
10-1 15-0 27 
18 10-0 5 
2-0 13-0 3 

10-4 19-3 1lf 
9-1 16-3 35 
2-6 14-0 17 
8-3 22-5 13 
6-0 10-0 12 


* Supernatant contained a considerable amount of mucus, which may have lowered the specific activity. 
+ Organic matter in supernatant probably underestimated (see note in Table 2). 


Table 4. Recovery of radioactivity in the tissues of a 
rabbit 8 days after transfusion of 1g. homologous 
[}4C]phenylalanine-labelled y-globulins 


Weight Transfused 
(wet) radioactivity 

Organ (g-) (%) 
Liver 80 5-0 
Kidneys 19 0-56 
Spleen 1:3 0-03 
Lymph glands 5-0* 0-13 
Appendix 10 0-19 
Intestine (as ileum) 169 4-35 
Skin + connective tissue 360 8-0 
Bone marrow (as femoral) 10t 0-61 
Adrenals 0-36 0-016 
Skeletal muscle 1200 28-6 

(as sartorius) 
Lung 8 0-41 
Heart 5-5 0-13 
Plasma samples during experiment 12-4 
Plasma + perfusion fluid at death 22 
(including about half the tissue fluid) 
Total 82-3 


* Arbitrary figure—actual wt. used, 1-4 g. 

¢ Arbitrary figure—actual wt. used, 2-7 g. 

{ Estimated by complete dissection of a similar control 
animal. 


PROCEDURE AND RESULTS 


The experiment was conducted as follows. 1 g. of 
{“C]phenylalanine-labelled globulins, containing 
40% (w/w) of antibody, was transfused intra- 
venously to a 2-5 kg. rabbit. The disappearance of 
antibody from the circulation of this animal is 
illustrated in Fig. 2 of the previous paper (Humphrey 
& McFarlane, 1954). An intravenous injection of 
30mg. Evans Blue in 1-5 ml. 0-9% NaCl solution 
was given at 168 hr. and 25 hr. later, when 80 % of 
the transfused protein had left the plasma and 
€xtracellular tissue fluids, the animal was killed and 
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Counts/min./mg. tot 
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Fig. 2. Specific activities of carbon (largely protein) in 
various organs after perfusion. Open columns, specific 
activity of total tissue carbon; filled columns, specific 
activity after allowing for contribution of transfused 
labelled globulins. The dotted line shows the specific 
activity of the carbon in the plasma free amino acid 
fraction at death. This fraction was obtained by ad- 
sorption of the diffusate from 20 ml. serum on to Zeokarb, 
followed by washing and elution of the amino acids. The 
significance of this measurement is considered in the 
Discussion. 


perfused. The organs and tissues were disintegrated 
and suitable amounts of carrier antibody allowed to 
equilibrate with the tissue constituents as described. 
After centrifuging, antibody was precipitated from 
the supernatants and the total weights and specific 
radioactivities of the carbon in the supernatants, 
deposits and antibody precipitates were measured. 

The main findings are summarized in Tables 2-5 
and in Fig. 2. In the second and third columns of 
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Table 5. Evans Blue in tissues 25 hr. after injection compared with antibody 8 days after injection 


The dye content of serum taken 1 hr. before death was 0-11 mg./ml. 


Naked-eye 
intensity of 
staining 


++ 


Tissue 


Liver 
Kidney +++ 
Spleen ++ 
Lymph gland os 
Appendix - 
Tleum + to + 
Skin — or trace 
Skin + connective tissue — or trace 
Femoral bone marrow ++ 
Adrenal Trace to + 
Thigh muscle = 
Lung ++ 
Heart Trace 


mg. dye calculated* 
to be equivalent to 
amount of antibody 
found/g. whole tissue 
organic matter 
(cf. Table 2, col. 4) 
0-022 
0-011 
0-015 
0-062 
0-014 
0-013 
0-037 
0-04 
0-0042 
0-045 
0-0037 
0-042 
0-0067 


mg. dye/g. whole tissue 
organic matter 


Deposit 
0-099 
0-198 
0-198 
0-075 
0-055 
0-037 
0-03 
0-018 
0-092 
0-03 

0-0008 0-0015 

0-0014 0-104 

0 Sample lost 


Supernatant 


0-025 
0-041 
0-032 
0-044 
0-012 
0-014 
0-0047 
0-0035 
0-0018 
0-01 


* Assuming ratio dye:antibody to be that found in serum | hr. before death. 


Table 2 will be seen the proportions of cellular 
organic matter which were present in the deposits 
and supernatants after the disintegrated tissues had 
been centrifuged at 2500 g for 2 hr., and from them 
may be obtained an idea of the efficiency of the 
disintegrating process. The fourth column gives the 
amounts of radioactive antibody with which the 
added carrier antibody came into equilibrium, 
caiculated as described above. The fifth and sixth 
columns show experimental values obtained for the 
specific radioactivities of carbon in the tissue 
deposits and supernatants after antibody precipita- 
tion. These values include contributions from un- 
changed radioactive normal y-globulin not pre- 
cipitated along with the antibody, and from in- 
active normal globulin added with the carrier anti- 
body, as well as from antibody not recovered in the 
supernatant fluid. Data are available to allow for 
these contributions and the corrected values are 
shown in Table 3. It is clear that a substantial 
conversion of transfused radioactive carbon into 
labelled tissue carbon has taken place. 

Fig. 2 shows graphically the distribution of 
specific radioactivities among the total carbon of the 
organs before and after allowing for contributions 
not specifically due to tissue protein. The uncor- 
rected values are remarkably similar to those found 
by Yuile e¢ al. (1951) after transfusion of total serum 
proteins to the dog, and in most instances the 
correction for unchanged labelled globulins is quite 
small. 

Table 4 is an analysis of the overall recovery of 
radioactivity, and again the similarity to a corre- 
sponding table by Yuile e¢ al. is striking—particu- 
larly when the variation in relative size of different 
organs in the two species is considered. 


Unlike Yuile et al. (1951) we did not measure the 
radioactivity in the skeleton, brain, red cells, 
excreta or expired air, but according to their results 
the contribution which this represents is less than 
10% of the total body radioactivity. Since our 
overall recovery was 82%, a balance remains to be 
accounted for which probably arises from failure to 
recover all radioactive materials from mincing and 
other processes. 

Table 5 compares the amounts of dye recovered 
from the disintegrated tissues with the amounts 
of dye which would be expected on the basis of 
the observed antibody content—assuming that the 
antibody was present entirely in lymph, and that the 
relative proportions of antibody and albumin in the 
lymph were the same as in the serum at death. It is 
noticeable that where the tissues were visibly blue, 
the dye in the combined supernatants and deposits 
is considerably more than the dye equivalent of 
the antibody. Where the tissues are not stained the 
amounts of dye found roughly correspond to the 
antibody content. In any case, the estimated 
residual lymph proteins are quite insufficient to 
account for the radioactivity present. The findings 
are consistent with the view that recognizable anti- 
body of the tissues is largely, if not wholly, present in 
the lymph, the balance of the injected antibody 
which enters cells being converted into another kind 
of protein, while the dye which penetrates at the 


| same time is stored as such. 


DISCUSSION 


A striking aspect of the results described is the way 
in which they agree with those of Yuile et al. (1951), 
although these workers used lysine as label instead 
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of phenylalanine, whole-serum protein instead of an 
antibody—normal globulin mixture, and dog instead 
of rabbit. The results demonstrate that the fate of 
antibody in the rabbit is closely similar to that of 
serum protein in the dog, thus supporting the view 
(Humphrey & McFarlane, 1954) that antibody is 
a permissible substance to use in deducing the rate 
of elimination and fate of total serum proteins. 

Yuile et al. claimed that labelled serum proteins 
were converted into tissue proteins. Their animals 
were bled out without perfusion, however, and it 
was not possible to assess the proportion of tissue 
radioactivity due to residual blood and lymph 
proteins. When the tissues are perfused, and a 
maximum value for the lymph proteins in each 
tissue is assessed on the basis of the residual Evans 
Blue content (Table 5), it is evident that their 
radioactivity generally represents only a small 
proportion of the whole and that the conclusion of 
Yuile et al. is amply justified. 

By transfusing labelled antibody and adding 
inactive carrier antibody to the disintegrated 
tissues—a technique used by Keston & Dreyfus 
(1951) to demonstrate labelled-antibody synthesis 
by tissue slices in vitro—we have attempted to find 
out to what extent the total protein radioactivity of 
the tissues after 8 days is still in the form of antibody 
protein. Table 2 shows that only in skin, which is 
recognized to be rich in extracellular tissue fluid, is 
the proportion of radioactivity due to recognizable 
antibody large and it becomes insignificant in the 
more highly labelled organs viz. liver, kidney, 
spleen and bone marrow. We conclude that labelled 
antibody is converted fur the most part into some 
other kind of protein. This conclusion presupposes 
that the treatment of the disrupted tissue after 
carrier antibody was added was adequate to bring 
the inactive antibody into equilibrium with a sub- 
stantial part of any labelled antibody present. It is 
necessary to consider experiments of Khesin (1952) 
showing that extraction of rat-liver cytoplasmic 
granules with water for 10 min. releases only one- 
third of the amounts of serum albumin which can 
be extracted after treatment with butanol and 
ethanol. We have tried to avoid such a discrepancy 
by freezing and thawing in the presence of a large 
excess of carrier antibody. Nevertheless, even 
though we have shown that small amounts of 
labelled antibody added to the tissues at mincing 
can be recovered quantitatively by this means, the 
possibilities remain that intracellular labelled anti- 
body is in some way isolated from contact with 
carrier antibody or becomes denatured in the course 
of disrupting the cells. 

The mechanism by which the amino acids of 
transfused labelled globulins could be incorporated 
into tissue proteins is of some interest. Yuile et al. 
(1951) inclined to the view that transfused proteins 
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are ingested as such by a wide variety of cells, and 
modified by them to form tissue protein, in such 
a way that their constituent amino acids do not 
come into equilibrium with the free amino acids of 
the plasma. We would like to put forward the 
alternative view that labelled proteins are broken 
down to free amino acids somewhere in the body, 
and that the free amino acids, after liberation into 
the plasma, are used by the tissue cells for protein 
synthesis. 

As was pointed out in the preceding paper 
(Humphrey & McFarlane, 1954), homologous 
globulins are not changed so long as they remain in 
the circulation, and their breakdown to free amino 
acids therefore requires that they be ingested by 
certain cells in one or more tissues. Thus both views 
postulate that plasma proteins can enter tissue cells, 
but disagree on the number and variety of cells in 
which this occurs. 

The possibility that direct conversion of plasma 
protein into tissue protein takes place without the 
intermediacy of free plasma amino acids would be 
established if it could be shown, in any experiment 
of the kind described here, that in certain cells or 
tissues the degree of labelling of tissue-protein 
phenylalanine exceeded the maximum labelling of 
the free plasma phenylalanine during the period of 
the experiment. Since it is necessary to deal with 
whole tissues, which contain a variety of grosser 
elements such as connective tissue or resting nuclei 
whose amino acid turnover is known to be relatively 
slow, it will probably be among the soluble proteins 
that any high degree of labelling should be sought. 
Technically, such a demonstration will always be 
a difficult matter, since it involves the isolation and 
measurement of the activity of a free amino acid in 
plasma at intervals during the experiment and of 
the same amino acid in tissue proteins obtained post 
mortem. 

As a step in this direction, we took a large blood 
sample just before killing the animal. After pressure 
dialysis of 20 ml. serum against water, the amino 
acids of the diffusate were adsorbed on Zeokarb (ef. 
Dovey, Holloway & McFarlane, 1952). This was 
washed to get rid of other labelled metabolites, the 
total amino acid fraction was eluted, and the 
specific activity found to be 12-0 counts/min./mg. 
carbon. The size of our earlier blood samples did not 
permit similar measurements, and unfortunately 
there appears to be no direct experimental evidence 
in the literature on specific activities of free amino 
acids after transfusion of labelled protein. If we 
assume that no considerably higher value of plasma 
free amino acid radioactivity occurred during the 
preceding 8 days, consideration of Table 3 and 
Fig. 2 shows that some part at least of the carbon in 
several organs (e.g. liver, bone marrow and lung) has 
a higher specific activity than the plasma free 
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amino acid fraction and could not have arisen from 
plasma free amino acids. That of some other tissues, 
however, such as muscle fibre, is much less, and the 
significance of this is discussed below. Since we 
know neither the exact proportion of phenylalanine 
in the plasma free amino acid fraction compared 
with that in the tissue proteins (collagen, for 
example, has a very low phenylalanine content) nor 
the extent to which non-protein or non-amino acid 
carbon is included in our determinations of specific 
activities, we may not claim to have substantiated 
this conclusion. Our results are, however, com- 
patible with the idea that some of the more actively 
labelled tissues may have used transfused globulins 
directly for protein synthesis. This view does not 
necessarily imply that free amino acids were not 
formed as intermediates, but only that the intra- 
cellular amino acid pool was not in immediate (and 
compleie) equilibrium with the plasma free amino 
acids, and consequently that the breakdown pro- 
ducts of ingested plasma protein were used pre- 
ferentially for protein synthesis by these cells. 

If we consider the tissues in which part of the 
carbon has a radioactivity substantially lower than 
that of the plasma free amino acid fraction, it is 
permissible to conclude (while still remembering the 
qualifications given above) that this labelled carbon 
could have been derived from plasma free amino 
acids. Before doing so, however, attention must be 
paid to the turnover rate of the proteins involved, 
since a slow turnover rate might lead to a low degree 
of labelling at 8 days whatever the operative 
mechanism. In the case of muscle fibre, for example, 
it has been found (private communication from 
Dr A. Neuberger) that in rabbit muscle, radio- 
activity of combined glycine is still only 20 % of that 
of the free muscle glycine at 18 hr. after injection of 
[*C]glycine, and the turnover rate must therefore 
be slow. Provided that maximum radioactivity of 
muscle glycine is attained inside 8 days, we feel 
justified in inferring from Fig. 2 that the labelling of 
this tissue could have come predominantly or even 
exclusively from the re-incorporation of labelled 
free amino acids of plasma. Similar considerations 
may well apply to the other poorly labelled tissues, 
e.g. skin. 

Those tissues which showed high specific radio- 
activities were also visibly stained with Evans Blue, 
while perfused muscle was quite colourless. The dye 
was also given to another rabbit 145 hr. before 
killing and perfusing, and, as anticipated, the liver, 
kidney and spleen were deeply stained and the 
organs contained 2-3 times more dye/g. dry weight 
than the same organs 25 hr. after giving the dye. 
Perfused muscle, however, was still practically 
colourless and contained no significant weight of 
dye. Since at no time is there free dye in the plasma 
and lymph, it is almost certain that the dye enters 
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the tissues in association with plasma protein and 
that the amount in the perfused tissue after allowing 
for that contained in residual lymph reflects the 
uptake of protein. The fact that none is taken up by 
muscle at the end of a week when the protein 
specific radioactivity is nearly one-third that of 
liver, kidney or spleen suggests strongly that the 
radioactivity of this and some other relatively inert 
tissues is mainly the result of re-incorporation of 
labelled amino acids liberated into the plasma by 
the steady breakdown of labelled protein elsewhere. 

Although Keppie & Macfarlane (1948) found 
traces of antibody to Clostridium welchii in washed 
and perfused muscle from actively immunized 
animals, our calculations show that the amount 
found can be attributed to extracellular fluid 
remaining in the muscle. Skin occupies a peculiar 
position in providing such a small proportion of its 
total organic matter in the supernatant after 
disintegration (Table 2) and in having such a high 
proportion of its total radioactivity attributable to 
lymph protein (Fig. 2). This is presumably because 
it consists largely of structural fibrous protein, but 
nevertheless occludes a considerable amount of 
lymph. 

Table 5 shows that in no tissue was recognizable 
antibody found in marked excess of that attribut- 
able to the contained lymph. It is important to 
bear in mind, as already stated, that our estimates 
of antibody content are valid only if the method of 
extraction from disintegrated tissues was reason- 
ably quantitative, and that the estimates of lymph 
protein are maximum figures. If these assumptions 
are valid, it appears that homologous transfused 
antibodies (pneumococcus antibodies, at any rate) 
do not reside to any great extent, or for any length of 
time, unchanged within the tissue cells. There is, of 
course, one class of cells within which all plasma 
proteins may be expected to be found, namely the 
vascular endothelium, through which the proteins 
effectively pass on their way in and out of the lymph. 
In this case, however, comparison of recoverable 
antibody with Evans Blue would give no clue as to 
whether the antibody was within the cells or not. 


SUMMARY 


1. The distribution of radioactivity in the tissues 
of a rabbit killed and exsanguinated by perfusion 
8 days after receiving a transfusion of [!4C]phenyl- 
alanine-labelled rabbit pneumococcus antibody has 
been studied, and the radioactivity found to be 
predominantly still in the form of labelled protein. 

2. By extracting the disintegrated tissues with 
carrier antibody and by measuring the amounts of 
residual lymph by means-of Evans Blue injected 
before death it is shown that practically all the 
precipitable radioactive antibody could be ac- 
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counted for in residual lymph, implying that the 
remainder of the radioactivity present was in the 
form of protein which had lost its original specific 
immunological configuration. 

3. It is concluded that transfused antibody 
entered cells in certain organs which became highly 
labelled, notably in liver, kidney, spleen, bone 
marrow, lung and gut, without being broken down 
to the amino acid level, and was rapidly changed 
into some other kind of intracellular protein. The 
level of radioactivity in the plasma free amino acid 
fraction at death, however, was high enough to be 
consistent with the idea that the protein radio- 
activities of other poorly labelled tissues, notably 
muscle, could be due to incorporation of labelled 
free amino acids. 

4, Evans Blue uptake may be a convenient guide 
to plasma protein assimilation by tissues. This dye 
is found in high concentration in the highly labelled 
tissues and hardly at all in the poorly labelled ones, 
supporting the view that the cells of the latter are 
impervious to proteins. 
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The authors are indebted to Mr R. C. Holloway and 
Mr G. Dickinson for assaying the materials for radioactivity. 
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The enzyme creatine phosphokinase responsible for 
catalysing the reaction 


adenosine diphosphate + phosphocreatine = 
adenosine triphosphate + creatine, 


was first described by Lohmann (1934), who showed 
that in extracts of skeletal muscle the two labile 
phosphate groups of adenosine triphosphate were 
transferred to creatine. The reversibility of the 
reaction was demonstrated by Lehmann (1935), and 
it was claimed by both of these authors that the 
dephosphorylation of adenosine triphosphate pro- 
ceeded to adenylic acid with the result that 2 mole- 
cules of phosphocreatine were formed. Banga (1943) 
effected a partial purification of the enzyme, and the 
preparation was able to transfer only the terminal 
phosphate group of adenosine triphosphate to 
creatine with the formation of phosphocreatine. In 
addition, Banga (1943) claimed that another enzyme 
was responsible for the transfer of phosphate from 
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adenosine diphosphate to creatine. This was named 
adenosine diphosphate-creatine phosphopherase in 
contrast to adenosine triphosphate-creatine phos- 
phopherase. Later Soreni & Degtyar (1948) 
achieved a partial purification of creatine phospho- 
kinase and described certain of its properties. 
Recently Askonas (1951) has described a purifica- 
tion technique depending upon propanol fractiona- 
tion. The properties of creatine phosphokinase 
present in cerebral cortical tissue were described by 
Narayanaswami (1952), but in this work no attempt 
was made to effect any purification. The present 
communication is concerned with a more detailed 
investigation into the properties of creatine 
phosphokinase than has hitherto been reported. 


Abbreviations 


The following abbreviations will be used: ATP, 
adenosine triphosphate; ADP, adenosine diphos- 
phate; AMP, adenosine 5’-phosphate; PC, phos- 
phocreatine ; CPK, creatine phosphokinase ; THAM, 
aminotris(hydroxymethyl)methane. 
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EXPERIMENTAL 
Materials 


Creatine phosphokinase. The CPK used in these studies 
was prepared from sheep skeletal muscle by aslight modifica- 
tion of the method described by Askonas (1951). It was 
found that the protein fraction precipitated between 50 and 
60% (v/v) propanol was most active. The enzyme was 
stored at 1° in 0-001M-THAM, pH 7-2, to which was added 
a drop of toluene. The protein content was such that 1 ml. of 
the preparation contained 4 mg. N. This preparation was 
unable to release inorganic P from ATP, ADP, AMP or PC 
when incubated for periods up to 1 hr. at pH 7-2 or 10-5 at 
37° in 0-025mM-THAM. 

The preparation was also free from myokinase activity, 
since no inorganic P was released from ADP in the presence 
of myosin and CPK. 

The experiments were carried out over a period of 4 
months and during this time no deterioration in activity was 
observed. In experiments concerned with the forward 
reaction it was the practice to prepare hundredfold dilutions 
immediately before use, and in all the experiments described 
such freshly made dilutions were used because of the fear 
that oxidation of SH groups of the enzyme may occur if 
solutions containing only 40ug. N/ml. were kept for any 
length of time. Recently, however, activity tests have been 
carried out on some hundredfold diluted solutions which 
have been kept at +1° and at — 15° for over 3 months, but 
no evidence of a decrease in activity was observed. One 
preparation of CPK has been freeze-dried and stored at — 15° 
for 15 months without any loss of activity. 

Myosin. This was prepared by the method of Bailey (1942) 
from rabbit skeletal muscle; after four precipitations it was 
free from myokinase. 

Myokinase. This was prepared from rabbit skeletal muscle 
as described by Kalckar (1943). 

Apyrase. This was prepared according to Krishnan (1949) 
from potatoes. 

Adenosine triphosphate and adenosine diphosphate. ATP 
was prepared from rabbit muscle as described by LePage 
(1945). ADP was prepared from ATP after incubation with 
myosin and was separated from the digest by the method of 
Dounce, Rothstein, Beyer, Meier & Freer (1948). Both 
nucleotides were prepared as the Ba salts and were over 
95% pure as judged by chemical and enzymic analysis. They 
were converted into the Na salts before use in the following 
way. The requisite amount of the Ba salt was weighed out 
and suspended in water. The slightly alkaline (pH 7-5-8-0) 
suspension was then shaken with an excess of Amberlite 
ion-exchange resin (1R-100 Na form) until solution was 
effected. In practice 100 mg. dibarium ATP suspended in 
10 ml. water wasshaken with 5 g. ofresin and was completely 
dissolved in about 5 min. The supernatant, after having 
been tested with Na rhodizonate to ensure absence of Ba*+, 
was combined with several aqueous washes of the resin and 
made up to the required volume with water. This method 
was more satisfactory than the conventional precipitation 
of Ba as BaSQ,, since losses due to adsorption were avoided. 
It also eliminated the risk of hydrolysis, which may have 
ensued if the Ba salts were dissolved in acid. 

Adenylic acid. AMP was prepared from ATP by the 
action of apyrase and was purified as described by Kerr 
(1941). It was obtained as the crystalline, free acid and 
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stored as such. Solutions were made up as required and 
adjusted to pH 7-2 by the addition of 0-1n-NaOH. 

Phosphocreatine. PC was prepared as the Na salt as 
described by Ennor & Stocken (1948b). Solutions were 
made up as required and adjusted to pH 7-2 by the addition 
of 0-1n-NaOH. 

All solutions of ATP, ADP and PC when not in use were 
stored at — 15°. 

Cysteine ester hydrochloride. This was prepared by the 
method of Friedmann (1903) as described by Ennor & 
Stocken (1948a). All solutions were made up immediately 
before use and were adjusted to pH 7-2 by the addition of 
0-1n-NaOH. 

Creatine. The creatine used was a commercial preparation 
which was thrice recrystallized as described by Hunter 
(1928), and its purity checked by analysis of nitrogen. All 
solutions were freshly prepared before use. 

Inhibitors. Most inhibitors used were commercial pre- 
parations and were of the highest purity obtainable. 
Exceptions were p-chloromercuribenzoic acid, which was 
synthesized as described by Whitmore & Woodward (1932), 
and o-iodosobenzoic acid and N-ethylmaleimide which were 
gifts from Drs K. Pausacker and F. Hird of Melbourne 
University. 

Buffer system. In the initial experiments several buffer 
systems were employed but, with one exception, all either 
proved inhibitory to the enzyme (phosphate and borate) or 
interfered with the estimation of creatine (glycine). THAM 
proved free from these objections and was used over the 
range pH 7-2-10-5. Two samples of THAM were used, one 
being an Eastman product kindly provided by Dr C. Long 
of the University of Aberdeen, and the other having been 
obtained from Sigma Chemical Co., U.S.A. Both were 
recrystallized before use from 90% (v/v) ethanol. 


Methods 


The technique adopted to determine the activity of the 
enzyme was as follows. 

Forward reaction. Test tubes containing 2-0 ml. 0-1m- 
THAM of appropriate pH, 0-2 ml. of CPK (=8yg. N), 
1-0 ml. of 0-002M-PC, and the activators or inhibitors under 
study in a total volume of 6-0 ml., were equilibrated in 
a water bath at 37°. The reaction was started by the addition 
of 2-0 ml. of 0-001M-ADP and stopped at the requisite time 
by the addition of 2-0 ml. of 25% (w/v) trichloroacetic acid. 
The tubes were then quickly cooled in an ice/salt mixture 
and, as filtration was unnecessary, 2-0 ml. samples were 
withdrawn for analysis of the creatine released. These were 
transferred to 10 ml. graduated tubes containing sufficient 
5n-NaOH to render the sample alkaline. The creatine 
present was determined as described by Ennor & Stocken 
(1948a) except for one modification. Since many of the 
enzyme digests contained alkaline-earth metals these, when 
present in the higher concentrations, formed precipitates 
when the alkaline (NaOH and Na,CO,) solution of «- 
naphthol was added to the sample taken for creatine 
determination. Such precipitations were avoided by the 
addition of ethylenediaminetetraacetic acid (Versene). 

Reverse reaction. Similar volumes of 0-1M-THAM and 
enzyme were added as before, but in this case the enzyme 
concentration was increased 50-fold, 2-0 ml. of 0-001M 
creatine plus activators and/or inhibitors in a total volume of 
6-0 ml. After equilibration at 37° the reaction was started 
by the addition of 2-0 ml. of 0-001M-ATP. The subsequent 
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treatment was as described above except that here filtration 
after the addition of trichloroacetic acid was necessary. 

In some experiments determinations were made of the PC 
remaining or synthesized, and in these cases the method 
described by Ennor & Rosenberg (1952) was employed. In 
no case was ATP or ADP measured. 


RESULTS 
Forward reaction: ADP + PC > ATP + creatine 


pH optimum. Determination of the pH optimum 
(Fig. 1) was made in the presence of optimum 
amounts of Ca**+ (see below). The enzyme digests 
were incubated for 3 min. at 37°. 

In these experiments, THAM buffers were used 
to cover the range pH 7-2-9-5, while succinate 
buffers at a final concentration of 0-005m were 
employed to cover the range pH 4-5-6-5. Under 
acid conditions there was an appreciable hydrolysis 
of PC and in all cases appropriate control tubes were 
incubated to determine the necessary corrections. 

The results indicate a well-defined optimum at 
pH 7-2 and all subsequent experiments were carried 
out at this pH. 

Reaction rate and the effect of cysteine. To permit an 
adequate investigation of the effect of activators and 
inhibitors the progress of the reaction with time was 
determined. 


For this purpose two bulk solutions were made up, both 
containing Ca?+ in optimum amounts (see below) but only 
one with cysteine ester (10-4). In addition both contained 
5umoles of ADP and of PC. After equilibration at 37° the 
reaction was started by the addition of CPK (final concen- 
tration, 1 wg. N/ml.). Samples were withdrawn at intervals 
and transferred to tubes containing sufficient 25% (w/v) 
trichloroacetic acid to bring the final concentration to 5%. 
Analyses for creatine were then carried out as described 
above. 


Under the conditions of the experiment it is 
apparent (Fig. 2, lower curve) that of the total 
amount of creatine released up to the time when 
equilibrium was reached (about 25 min.), 50% is 
released in 3 min. Moreover, it will be noted that 
the speed of the reaction is constant up to this time. 
As a consequence of this result the effect of the 
addition of various ions, etc., has been studied 
following the 3 min. period. 

The effect of cysteine (Fig. 2, upper curve) is to 
produce an acceleration in the reaction rate but no 
shift in the equilibrium. 

Effect of Ca**+ and Mg?*. To test the influence of 
Ca?+ and Mg?+, two enzyme concentrations were 
chosen, corresponding to 0-5 and 1-0 ng. N/ml. of the 
digest. Constant amounts of enzyme in each tube 
were ensured by the preparation of two stock 
solutions each containing PC, CPK, THAM and 
water, and varying only in their content of CPK. 
Samples of stock solutions were pipetted into test 
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tubes containing varying amounts of Ca**+ or Mg?+ 
and water to bring the volume to 6-0ml. After 
equilibration at 37° the reaction was started by the 
addition of 2-0 ml. of 0-001M-ADP and stopped, 
3 min. later, by the addition of 2-0 ml. of 25 % (w/v) 
trichloroacetic acid. 

The results of this experiment (Fig. 3) show that 
at both enzyme concentrations the activity of the 
enzyme increased rapidly with increasing Ca** con- 
centration, and that there was no activity in the 
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Fig. 1. Effect of pH on CPK activity. The experimental 
points marked @—@ and O—O were obtained using 
0-025 sodium succinate and THAM, respectively. For 
experimental details see text. 
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Fig. 2. Reaction rate in presence and absence of cysteine. 
The points O—O and @—®@ represent analytical data 
from reaction mixtures in the absence and presence of 


cysteine (1 x 10-4m), respectively. 
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Fig. 3. Creatine phosphokinase activity in the presence of 
varying Ca?+ concentration. Two concentrations of CPK 
were used; 0-5yug./ml., @—@; and 1-0yug./ml., O—O. 
Abscissa: pg. Ca/ug. CPK nitrogen. 


absence of Ca?+. A maximum was reached when the 
ratio of ug. Ca/ug. N(Ca/N) was between 100 and 
150, and with increasing Ca?+ concentration the 
activity fell slightly. The results obtained with the 
highest Ca/N ratio (2000) investigated are not 
shown, but at this level the amounts of creatine 


released with 0-5 and 1-0yug. N/ml. digest were 
28-0 and 42-2yg., respectively, corresponding to 


respective inhibition of 48 and 66%. Since the 
maximum enzyme activation at each of the two 
enzyme levels investigated occurred over the same 
range of Ca/N ratios, it may be inferred that it is not 
the concentration of Ca?*+ but the ratio of this 
concentration to that of the enzyme that is im- 
portant. 

The influence of Mg?+ was investigated under 
precisely the same conditions, and the results were 
practically identical with those obtained with Ca?*. 
Thus no activity was apparent in the absence of 
Mg**, and when the Mg/N ratio was increased to 
2000 the amounts of creatine released in the 
presence of 0-5 and 1-0yug. N/ml. digest were 32-5 
and 38-5 ug., representing respective inhibitions of 
54 and 70%. 

An additional experiment has been carried out 
wherein tubes containing the usual experimental 
mixture were incubated for 6 min., at which time 
equilibrium was reached. The Ca*+ concentration 
was then increased to give a Ca/N ratio of 2000, and 
the tubes incubated for a further 6min. The 
appropriate controls were also set up and the results 
(Table 1) indicate that the effect of a high Ca/N ratio 
is inhibitory and that increased amounts of Ca?+ had 
no effect similar to that described in the case of the 
reverse reaction (see below). 
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Table 1. The inhibitory effect of Ca®+ on CPK 
activity in the forward reaction 


All tubes contained ADP and PC in the usual concentra- 
tions. Temp. 37°. 
Creatine 
liberated 
(umoles) 
1-16 
1-16 
0-26 
0-40 
1:17 


Tube 
no. Treatment 
6 min. incubation, Ca/N =100 
12 min. incubation, Ca/N = 100 
6 min. incubation, Ca/N =4000 
12 min. incubation, Ca/N =4000 
6 min. incubation, Ca/N = 100, followed 
by 6 min. incubation Ca/N =4000 


Table 2. The effect of various substances on 
CPK activity in the forward reaction 


All experiments were carried out under optimum condi- 
tions (see text) and tubes incubated for 3 min. at 37°. 


Concentration Inhibition 

Compound (M) (%) 
1-0 x 10-3 21 
6-5 x 10-2 100 
1-3 x 10-5 30 
1:3 x 10-3 6 
1-3 x 10-? 87 
1-3 x 10-3 0 
1:3 x 10-2 95 
1-0 x 10-? 46 
5-0 x 10-3 12 
1-3 x 10-3 
1:3 x 10-? 18 
1-0 x 10-8 6 
1-0 x 10-7 29 
1-0 x 10-* 100 
1-0 x 10-* 12 
1-0 x 10-5 30 
1-0 x 10-4 100 
1-3 x 10-3 0 
6-5 x 10-3 95 
1-0 x 10-® 38 

100 


Sodium iodosobenzoate “0 13 
100 


Thyroxine 2. s ll 


NaF 


I, in KI 
Sodium citrate 


Na,HPO, 


MnCl, 
Na,B,0, 
Sodium azide 


Sodium p-chloromercuri- 
benzoate 


Sodium iodoacetate 


Dinitro-o-cresol 


N-Ethyl maleimide 


Ethylenediaminetetraacetic . 12 
acid 5- 73 
80 


On the basis of the above results all experiments 
on the forward reaction were carried out in the 
presence of such amounts of Ca?+ as gave a Ca/N 
ratio= 100, and this is referred to as the optimum 
ratio. 

The effect of inorganic ions other than Ca?* and 
Mg?+. It will be seen from Table 2 that at a con- 
centration of 0-013mM, phosphate produces an 
inhibition. A similar remark applies to citrate. 
Varying degrees of inhibition were produced by the 
other ions tested. The effects of Ba?+ and Sr?+ were 
somewhat different, and in view of the influence of 
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Table 3. The effect of the alkaline earth metals on CPK activity 


With the exception of alkaline earth metals all tubes contained the usual experimental mixture (see text). 


Concentration CaCl, (mM) 2x10-3 2x10-% 2x10-3 —_ = 
Concentration BaCl, (mM) — 2x 10-3 — 2x 10-3 — 
Concentration SrCl, (mM) —— — 2x10-3 — 2xit? 
pmoles creatine released 0-65 0-53 0-20 0-09 0 


Table 4. The reversal of the p-chloromercuribenzoate inhibition by cysteine 


Experiments carried out on the forward reaction under optimum conditions (see text). 3 min. incubation at 37° 


Concentration of 
p-chloromercuri- 


benzoate cysteine 
(mM) (m) 
1x10-’ —- 
1x10-? 1x10-7 
1x10-? 2x10-7 
1 x 10-* — 
1 x10-* 1x 10-6 
1 x 10-6 2x10-* 


Ba?+ on the reverse reaction (see below) the results 
are dealt with separately (Table 3). 

In this experiment BaCl, and SrCl, were added to 
reaction mixtures in the presence and absence of 
optimum amounts of Ca?+, and the mixtures 
incubated for 3 min. at 37°. The results (Table 3) 
show that whilst Ba?+ produced a small degree of 
activation of the enzyme in the absence of Ca?*, it 
is somewhat inhibitory when Ca*+ is present in 
optimum amounts. Sr?+, on the other hand, was 
not only unable to activate the enzyme but was 
definitely inhibitory to the complete system. 

The effect of metabolic inhibitors. The compounds 
with the most pronounced inhibitory effects are 
seen to be (Table 2) those generally used for their 
reactivity with SH groups either by virtue of their 
ability to oxidize or to form a complex. An ex- 
ception is dinitro-o-cresol. 

In the case of p-chloromercuribenzoate some experiments 
have been carried out to determine the degree to which the 
inhibition produced by this compound can be reversed by 
the addition of cysteine. In these experiments the inhibitor 
was added to the system 5 min. before the cysteine, which 
was added 5 min. before the reaction was started by the 
addition of ADP. The results (Table 4) indicate that 
the p-chloromercuribenzoate inhibition can be partially 
counteracted by the added cysteine. 

The role of AMP as a P acceptor in the CPK- 
catalysed reaction. Several experiments have been 
carried out to determine the ability of AMP to 
accept phosphate from PC in the presence of CPK, 
but in no case was AMP phosphorylated. It seemed 
therefore reasonable to suspect the presence of 
myokinase in the impure systems hitherto used 
(Lohmann, 1934; Lehmann, 1935; Banga, 1943; 
Narayanaswami, 1952), and the effect of this 
enzyme when added to the CPK system has been 
determined. 


Concentration of 


Creatine 
released Inhibition 
(umoles) (%) 
8-66 0 
6-35 27-7 
7-97 8-0 
8-55 4-0 
1-53 82-4 
1-45 83-4 
1-83 78-8 
200 
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Fig. 4. Substrate specificity in the CPK-catalysed reaction. 
PC and CPK present and AMP added as test substrate at 
zero time, ATP added in trace amounts at A and myo- 
kinase at B. For details see text. 


20-0 ml. 0-1m-THAM, pH 7-2, 5-0 ml. 0-001 M-PC, 1-0 ml. 
0-2m-CaCl,, 0-2 ml. CPK (=80yg. N), and 43-6 ml. water 
were pipetted into a flask and equilibrated at 37°. 10-0 ml. 
of 0-001 m-AMP was added at zero time and 5-0 ml. samples 
were withdrawn at intervals up to 10 min. and transferred 
to tubes containing 1-5 ml. of 25 % (w/v) trichloroacetic acid. 
1-0 ml. 0-001M-ATP was added at zero plus 10 min. and 
samples withdrawn at intervals up to zero plus 20 min. At 
this time 0-5 ml. of myokinase (=0-5 mg. of the freeze-dried 
preparation) was added and the mixture sampled for a 
further 25 min. The samples, as in all other experiments, 
were rapidly cooled, made alkaline and prepared for 
creatine analysis. 

As seen from the first portion of the time curve in 
Fig. 4, and up to 10 min., no creatine was liberated, 
and consequently no transfer of phosphate from PC 
to AMP had been effected. Immediately following 














208 


the addition of ATP there was a liberation of 
creatine which, however, did not continue, and 
which was presumably due to a small contamination 
of ADP in the ATP preparation. As was to be 
expected the reaction ceased as soon as this had been 
phosphorylated, but reeommenced on the addition 
of myokinase. 

It is of course necessary to have a small amount of 
ATP or ADP present to start the reaction in the 
presence of myokinase, but this quantity can be 
very small indeed, since the reaction is self-acceler- 
ating. Thus the reactions involved if ATP is used are: 


ATP+AMP=2 ADP, 
2 ADP+2 PC=2 ATP +2 creatine, 
2 ATP +2 AMP=4 ADP, ete. 


If ADP is used as the starter in the reaction it will 
be converted into ATP by CPK and the cycle 
repeated. As each full cycle doubles the amount of 
ADP in the system, it must remain in excess as long 
as the system contains AMP and myokinase. 

Such a system must, however, differ from that 
which is most probably present in a suspension of 
cerebral cortex, and therefore in the type of system 
described by Narayanaswami (1952), which would 
be expected to contain CPK, myokinase, and small 
amounts of ATP. 

An experimental mixture was prepared containing 
0-025mM-THAM pH 7-2, Ca?+ in optimum amounts, myo- 
kinase, 10 umoles of PC and 0-1 umoles of ATP. Incubation 
was carried out at 37° and samples were withdrawn for 
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Fig. 5. Substrate specificity in the CPK-catalysed reaction. 
ATP, PC, CPK and myokinase present and AMP added 
as test substrate at A. For details see text. 
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creatine determination at the times indicated in Fig. 5. CPK 
was added at zero time, and analysis of samples, withdrawn 
at intervals up to zero plus 10 min., indicated that no 
creatine had been liberated. At zero plus 10 min., 0-1 ml. of 
0-1mM-AMP was added, which brought the concentration of 
AMP to 1-6 x 10-*m. It will be seen that this was followed by 
an immediate liberation of a small amount of creatine. This 
was almost certainly due to the presence of a small amount 
of ADP in the sample of AMP. A short lag period then 
followed during which the reaction rate was quite slow, but 
this rapidly increased until the reaction neared equilibrium. 
The lag period which followed the initial small increase in 
creatine was probably due to the fact that only a small 
amount of ATP was present. Until such time, therefore, as 
sufficient ADP was formed to saturate the active centres of 
the enzyme, the concentration of ADP would be the limiting 
factor for its activity. 


Reverse reaction: ATP + creatine > PC + ADP 


™ pH optimum. Determination of the pH optimum 
for the reaction was carried out using optimum 
amounts of Ca?+ (see below) and the enzyme 
mixtures were incubated at 37° for 15 min. The 
amount of creatine which was phosphorylated 
increased with increasing alkalinity up to pH 10-5, 
which was the highest pH at which the experiment 
was carried out. All subsequent experiments were 
carried out at pH 10-5 in 0-025mM-THAM. 

Reaction rate and the effect of cysteine. The speed 
with which creatine is phosphorylated in the 
presence of CPK was determined by withdrawing 
samples at various intervals up to 60 min. from 
a reaction mixture at 37° containing Ca?*+ in 
optimum amounts (see below), ATP, THAM and 
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Fig. 6. The influence of excess Ca*+ on the reverse reaction. 
The points O—O represent analytical figures obtained 
on a mixture containing CPK, creatine, ATP and Ca** 
(in optimum amounts) in 0-025mM-THAM pH 10-5 incu- 
bated at 37°. At A the Ca*+ concentration was increased 
in a portion of the mixture and the points @—-—@ repre- 
sent analytical figures obtained on this portion. For 
details see text. 
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creatine, and after the reaction had been started by 
the addition of CPK at zero time. 

It will be seen (Fig. 6) that equilibrium was 
reached in 30 min., by which time 55% of the 
creatine present was phosphorylated. The addition 
of cysteine ester at concentrations up to 0-002 was 
found to be without effect on either the speed or the 
equilibrium position of the reverse reaction. 

Effects of Ca*+ and Mg?+. These were studied as 
follows. 

A stock solution containing 30-0 ml. THAM pH 10-5, 
7-5 ml. 2 x 10-*M creatine, 1-5 ml. of CPK (=6 mg. N) and 
21-0 ml. water was prepared. 2-0 ml. samples of this were 
transferred into a series of tubes containing varying amounts 
of CaCl, or MgCl, and water to make a final volume of 3-0 ml. 
The tubes and contents were then equilibrated in a water 
bath at 37° and the reaction started by the addition of 
1-0 ml. of 0-001M-ATP. The reaction was allowed to con- 
tinue for 15 min. and was interrupted by the addition of 
1-0 ml. of 25% (w/v) trichloroacetic acid. The tubes were 
immediately cooled, the contents filtered, and 2-0 ml. 
samples transferred to tubes containing sufficient 5n-NaOH 
to render them alkaline. The degree to which creatine was 
phosphorylated was determined by measurement of the 
residual creatine and comparison of this with a control tube 
to which 1-0 ml. of ATP had been added after the addition of 
trichloroacetic acid. 

The results (Fig. 7) show that there is a well- 
defined optimum relationship between the enzyme 
activity and the concentration of Ca?+ or Mg?+. As 
the concentration of ions is increased there is a 
sharp increase in the degree to which the creatine is 
phosphorylated and a maximum is reached when 
log (Ca?+/N) or log (Mg?+/N)=2-9. As the Ca?+ or 
Mg*+ concentration was increased there occurred 
a fall in the percentage of creatine which was phos- 
phorylated. It would thus seem that this decrease 


60 


o phosphorylated 
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—39 >, -10 0 
log yg. Ca** or Mg”*/ug. N 

Fig. 7. The influence of Ca*+ and Mg*+ on the reverse 
reaction. Reaction carried out in 0-025M-THAM pH 10-5 
and at 37°. Experimental mixture contained CPK, ATP, 
creatine and varying amounts of Ca?+ (O---O) and 
Mg?+ ((7X—{). For details see text. ‘% phosphorylation’ 
refers to the extent to which the added creatine was 
phosphorylated. 
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was due simply to an inhibition of enzyme activity, 
as was the case in the experiments dealing with 
the forward reaction. Since, however, Soreni & 
Degtyar (1948) found that Ca?*+ and Mg?* influenced 
the equilibrium of the reaction, additional experi- 
ments were carried out. 


A bulk reaction mixture was prepared containing 20-0 ml. 
0-1mM-THAM pH 10-5, 10-0 ml. 2 x 10-*m creatine, 2-0 ml. 
4 x 10-*m-CaCl,, 20-0 ml. 10-*m-ATP and 27-0 ml. water. 
The temperature of the mixture was brought to 37° in a 
water bath and a 4-0 ml. sample taken for analysis of the 
initial creatine content. The reaction was then started by 
the addition of 1-0 ml. of CPK (=4 mg. N) at zero time. At 
zero plus 2, 5, 15 and 30 min., 4-0 ml. samples were with- 
drawn and treated as before, and immediately after the last 
sample was removed 16-0 ml. of the mixture was transferred 
to another vessel in the water bath, and at zero +31 min., 
0-1 ml. of 0-8m-CaCl, was added to the remaining 40 ml. 
(see Fig. 6A). Sampling of both mixtures was then con- 
tinued and samples were withdrawn from the latter at zero 
plus 32, 35, 45, 50 and 60 min. The fraction to which no 
additional Ca?+ was added was sampled at zero +33 and 
58 min. 


The results of this experiment (Fig. 6) show that 
up to 30 min., 55 % of the added creatine had been 
phosphorylated and that in the experimental 
mixture to which no additional Ca*+ was added 
there was no further change. In the remaining 
portion of the mixture following the addition of 
Ca?+ at 31 min. there occurred a sharp fall in the 
phosphocreatine level which at 45 min. was such 
that only 23 % of the creatine was now phosphory- 
lated. The effect of increased Ca?+ concentration is 
therefore, as Soreni & Degtyar (1948) have claimed, 
to produce a shift in the equilibrium of the reaction. 

The effect of Ba?+ and Sr?+. The experimental 
arrangement was similar to that described in the 
preceding section except that the course of the 
reaction was not followed. 

All tubes contained optimum concentrations of Ca?+ and, 
in addition to the control tube to which no ATP was added, 
three tubes contained an excess of Ca*+, Sr?+ and Ba?*+, 
respectively. The total volume in these tubes was 8-0 ml. 
and, with the amount of CPK used, the optimum concentra- 
tion of Ca?+ was 10-‘m. To the tube requiring excess Ca?* 
sufficient CaCl, was added to bring the final concentration to 
0-002M. A similar concentration was adopted in the case of 
those tubes containing Ba*+ and Sr?+. These tubes were 
incubated for 60min. at 37°. Another series of tubes was set 
up simultaneously, but these were incubated for the first 
30 min. in the presence of optimum amounts of Ca** only 
and at the end of this time, after the addition of the Ca?*, 
Sr?+ and Ba?* in similar amounts to the first series, the 
reaction was allowed to continue for a further 30 min. 

The results (Table 5) show that under optimum 
conditions (tube 1) 49 % of the creatine was phos- 
phorylated. The effect of the addition of Ca?* and 
Ba?+ (tubes 2 and 3, respectively) is to shift the 
equilibrium to such an extent that 19-5 and 28-0 % 
of the creatine was phosphorylated, respectively. 

14 








A. H. ENNOR AND H. ROSENBERG 


Table 5. The effect of the addition of Ca?+, Ba?+ and Sr?+ on the reverse reaction 





All incubations were for 60 min. at 37°. For details of the experiments see text. 


Creatine 
Tube phosphorylated 

no. Treatment (%) 

1 Optimum Ca** concentration at zero time 49-0 

2 Optimum Ca** concentration at zero time, 19-5 
excess of Ca?+ added at zero +30 min. 

3 Optimum Ca*+ concentration at zero time, 28-0 
excess of Ba?+ added at zero +30 min. 

4 Optimum Ca?+ concentration at zero time, 42-0 
excess of Sr?+ added at zero +30 min. 

5 Excess of Ca*+ added at zero time 16-5 

Excess of Ba?+ added at zero time 27-5 


7 





Table 6. ‘Balance’ sheet of the reverse reaction 


Totai creatine is the sum of free creatine and that bound 
as phosphocreatine. For details of experimental procedure 


see text. 
Creatine (yg.) 


Sample Free Total 

Sample 1 (before addition of CPK) 186-0 186-0 

Sample 2 (15 min. after addition 104-5 185-5 
of CPK) 

Control sample 186-2 186-2 


It will be noted that much the same result was 
achieved when these ions were present in excess 
from zero time (tubes 5 and 6). The effect of Sr?+, on 
the other hand, is not to shift the equilibrium but to 
inhibit enzyme activity (tubes 4 and 7), which is in 
agreement with its observed effect (see above) on the 
forward reaction. 


Validity of analytical method 

Throughout the experiments described above the rate at 
which CPK could transfer phosphate from PC to ADP or 
from ATP to creatine was determined on the basis of 
analytical figures for the amount of creatine present at the 
end of the experimental period. Clearly, the concentration(s) 
of any one or all of the reaction components could have been 
determined, but creatine was chosen because of the ease 
with which it could be estimated. The choice had another 
advantage in that the estimation was carried out in an 
alkaline solution, in which medium PC was perfectly stable 
and did not react with «-naphthol and diacetyl. It may, 
however, be argued that the disappearance (in the case of the 
forward reaction) or the appearance (in the case of the 
reverse reaction) of creatine does not constitute proof of the 
respective formation or breakdown of PC. Some experi- 
ments have been carried out in which a ‘balance sheet’ was 
prepared. Thus in the ‘reverse reaction’ a reaction mixture 
was prepared containing 7-5 ml. THAM pH 10-5, 3-8 ml. 
0-002Mm creatine, 7-5 ml. 0-001M-ATP, 0-75 ml. 0-004m- 
CaCl,, and 10-2ml. water. After equilibration at 37°, 
sample | (Table 6) was withdrawn for determination of free 
and total creatine. 0-38 ml. of CPK (=1-52 mg. N) was 
then added and the mixture incubated for 15 min., when 
sample 2 (Table 6) was taken for analysis as before. In 


Excess of Sr?+ added at zero time 
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addition, a control sample (Table 6) containing 0-002m 
creatine was diluted with water in the same proportions as 
in the reaction mixture, and analysed for free and total 
creatine. 

The results (Table 6) show the soundness of the analytical 
methods employed and provide proof of the assumption, 
inherent in these experiments, that a fall in creatine content 
can be attributed to a phosphorylation reaction. 


DISCUSSION 


The present data are not in entire agreement with 
published work. Thus the pH optimum for the 
reverse reaction was found by Banga (1943) to lie at 
pH 9-05, and at pH 9-1 by Soreni & Degtyar (1948). 
In our hands the reaction rate in the presence of 
optimum concentrations of Ca?+ was still increasing 
at pH 10-5, which was the most alkaline condition 
investigated. This difference in results is probably 
explained by the fact that neither Banga (1943) nor 
Soreni & Degtyar (1948) appear to have appreciated 
the critical nature of the enzyme requirement of 
Ca?+. The use of borate buffer by Banga (1943) is 
another possible explanatory factor, since borate is 
somewhat inhibitory to the enzyme. In agreement 
with Soreni & Degtyar (1948) it has been found that 
Mg?+ may replace Ca?+, but whilst these workers 
have found that the reverse reaction may proceed in 
the complete absence of Ca?+, the present results 
indicate an obligatory requirement for this ion. 

Thus not only was the enzyme completely in- 
active in the absence of Ca?+ or Mg?+ but the in- 
hibition produced by ethylenediaminetetraacetic 
acid was removed by the addition of Ca?+ or Mg?*. 
The activity found by Soreni & Degtyar (1948) in the 
absence of added Ca?+ would therefore seem to be 
due to traces of Ca?+ in the system employed. In the 
present experiments a _ well-defined maximum 
enzyme activity was obtained with a Ca*+ concen- 
tration of 10-*m, or when log Ca/N=2-903 (see 
Fig. 7). : 

The phosphorylation of ADP reaches maximal 
values at pH 7-2 with a Mg?+/N or Ca?*+/N ratio of 
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100-200. An increase of this ratio to 2000 results in 
a much lowered degree of phosphorylation which is 
due not to a shift in the equilibrium but to an 
inhibition of enzymic activity. 

The complete enzyme system, whether at pH 7-2 
or 10-5, had no essential requirement for added 
cysteine, although, if present, cysteine had a slight 
activating effect in the case of the forward reaction. 
No such effect was observed with the reverse 
reaction. 

It will be noted that 50 times as much enzyme was 
used in the case of the reverse reaction as in the 
forward reaction and in spite of many experiments 
it was not possible to reduce this factor by an 
appreciable amount and yet retain a convenient 
reaction rate. 

Evidence has been adduced to show that a free 
SH group or groups within the CPK molecule is or 
are necessary for enzyme activity. The fact that 
added cysteine is unnecessary, together with the 
finding that the enzyme retains maximal activity 
for long periods even in high dilution, indicates 
a high degree of stability of the SH groups. This 
property of the enzyme enables preparations to be 
kept for long periods either in solution or in the 
dried and frozen state. 

The inhibitory effect of phosphate, fluoride and 
citrate is presumably due to the reaction of these 
anions with the Ca?+ necessary for enzyme action. 
Because of the widespread use of phosphate as 
a buffer in in vitro systems its inhibitory effect would 
seem of especial interest, particularly in those cases 
in which PC and the adenylic acid system play 
a part. 

There seems now little doubt as to the nature of 
the phosphate acceptor in the CPK system in so 
far as CPK separated from skeletal muscle is 
concerned. In the purified system investigated here 
only ADP could function as an acceptor. Moreover, 
in the reverse reaction it has been shown (Ennor & 
Rosenberg, unpublished observations) that ADP 
cannot serve as a phosphate donor in the phos- 
phorylation of creatine except in the presence of 
myokinase. It would therefore seem, in agreement 
with Colowick’s (1951) suggestion, that Banga’s 
(1943) observation that two forms of CPK were 
present in skeletal muscle can be explained by the 
presence of myokinase in the rather crude pre- 
parations. 

In the experiments described by Narayanaswami 
(1952) the position may be somewhat different, since 
cerebral cortex was used. Since the preparations 
were not dialysed ADP and ATP may have been 
present. Whether or not myokinase is present in 
cerebral tissue is a matter for speculation, but 
nevertheless is a reasonable assumption which 
Narayanaswami (1952) did in fact make. Narayana- 
swami’s (1952) observation that the speed of the 
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reaction was greater in the presence of AMP than 
ADP can be explained by considering the reaction 


PC+ADP > ATP + creatine. 


In the presence of AMP and myokinase one of the 
products (ATP) is continuously removed while one 
of the reactants (ADP) is continuously replaced in 
doubled amount. The net result therefore must be an 
increase in the reaction rate. 

Although the preparation of CPK used through- 
out the experiments reported here was active in 
extreme dilution, attempts were made to effect a 
more complete separation from the contaminating 
proteins known to be present as a result of paper 
electrophoretic analysis. Whilst these experiments 
were successful in as much as a considerable purifi- 
cation was achieved, work on this problem was 
suspended following the work of Kuby, Noda & 
Lardy (1953), in which it was announced that the 
enzyme had been obtained in a homogeneous form, 
as judged by electrophoretic and sedimentation 
analysis. 


SUMMARY 


1. The enzyme creatine phosphokinase requires 
SH groups for its activity, but has no obligatory 
requirement for added cysteine. 

2. The enzyme has a well-defined optimum 


pH=7:-2 and 10-5 for catalysing the forward and 
reverse reactions, respectively, as expressed in the 


eee PC+ADP=ATP + creatine. 

3. The presence of Ca?+ or Mg?* is obligatory for 
enzyme action, but the absolute amounts required 
depend upon the nature of the reaction under 
investigation (i.e. forward or reverse above). 
Excess amounts of Ca?+ or Mg** are inhibitory in the 
case of the forward reaction and alter the equili- 
brium in the case of the reverse reaction. 

4. AMP could not serve as a phosphate acceptor. 

5. p-Chloromercuribenzoate, N-ethylmaleimide 
and iodoacetate were inhibitory. Inhibition was 
also produced by dinitro-o-cresol. Phosphate, 
citrate, fluoride and ethylenediaminetetraacetic 
acid were also inhibitory. 


It is a pleasure to acknowledge the skilled technical 
assistance of Mr D. Maguire and Mr W. Cleary. 
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THE COLOURING MATTERS OF PENICILLIUM ISLANDICUM SOPP 


PART 4. IRIDOSKYRIN, RUBROSKYRIN AND ERYTHROSKYRINE 


By B. H. HOWARD anv H. RAISTRICK 
Department of Biochemistry, London School of Hygiene and Tropical Medicine, University of London 


(Received 3 December 1953) 


In our first communication concerning the pigments 
of Penicillium islandicum Sopp (Howard & Raistrick 
1949) it was shown that the dried mycelium of 
laboratory cultures of one strain of this species, no. 
N.R.R.L. 1036, contained about 20% of its weight 
of a complex mixture of colouring matters. One 
constituent of this mixture was isolated and identi- 
fied as the hitherto undescribed islandicin (1:4:5- 
trihydroxy-2-methylanthraquinone, I). This sub- 
stance was isolated from the mycelium of five out of 
six morphologically typical strains of P. islandicum, 
and the presence in the mycelium of several other 
colouring matters was indicated by a number of 
colour reactions. Three of these colouring matters 
have now been isolated in a pure crystalline state 
and it is the purpose of the present communication 
to describe, inter alia, their isolation, properties and 
reactions, and to discuss their relationship to other 
fungal colouring matters. None of them appears to 
have been described previously. Their chemical 
constitutions, at present uncertain, are under in- 
vestigation in this laboratory. 

When the dried and ground mycelium of strain 
N.R.R.L. 1036 was extracted for a long period in 
a percolator with boiling light petroleum, a bright 
red solid accumulated in the solvent. Islandicin was 
separated from this solid by sublimation in high 
vacuum at 180°. The unsublimed residue, on 
crystallization from benzene, gave small amounts of 
a substance, crystallizing as deep red plates or rods, 
m.p. 358-360°, for which we propose the name 
iridoskyrin because the crystals exhibit a striking 
green iridescence. Further extraction of the 
mycelial powder with chloroform removed a com- 
plex mixture of pigments, and when the extract was 
chromatographed on calcium carbonate, a further 


small amount of iridoskyrin appeared in the eluate 
together with much islandicin. The chromatogram 
consisted of a number of bands of different colours. 
From one of them, a broad green band, there was 
obtained a substance crystallizing as dark red 
plates, m.p. 289-290° (decomp.), for which we 
propose the name rubroskyrin. The losses involved 
in the separation of these two colouring matters 
make it impossible to state with certainty the pro- 
portions present in the mould. It is estimated, 
however, that the dried mycelium of P. islandicum 
strain N.R.R.L. 1036 contains about 0:2% of 
iridoskyrin and about 2-5% of rubroskyrin. 

An ether extract of the wet mycelium of the same 
strain of P. islandicum, N.R.R.L. 1036, was shaken 
out with aqueous sodium carbonate. Acidification 
of this alkaline extract yielded a dark red, amor- 
phous powder which was fractionated by chromato- 
graphing an acetone solution on magnesium oxide. 
Development of the chromatogram with methanol 
gave an eluate containing the magnesium salt of a 
third colouring matter which was obtained as dark 
red micro-needles, m.p. 108-110°, for which we 
propose the name erythroskyrine. It was found 
later that the same substance constitutes practically 
the whole of the colouring matter present in the 
mycelium of a different strain, L.S.H.T.M. no. 
BB 233, of P. islandicum. It is estimated that the 
dried mycelium of this strain contains about 10% of 
erythroskyrine, while strain N.R.R.L. 1036 contains 
approximately 3-5%. 


Iridoskyrin 


Iridoskyrin, CygH,gO049, is dimorphic, crystallizing 
as thin rods or hexagonal plates of a deep red colour 
and exhibiting a green iridescence. It melts at 
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358-360° and sublimes unchanged at 260° in high 
vacuum. The molecule contains six hydroxyl 
groups which can be acetylated or methylated, 
probably two quinone groupings, two methyl 
groups attached to carbon and no methoxyl groups. 
Its solutions in organic solvents are orange-red in 
colour, appearing bluer in thin layers, and do not 
fluoresce in daylight. It is insoluble in 0-5n sodium 
bicarbonate and nN sodium carbonate, but dissolves 
in aqueous N sodium hydroxide to a purple-blue 
solution, the colour of which rapidly fades on ex- 
posure to air. In cold, concentrated sulphuric acid 
it forms a stable, non-fluorescent, deep blue solution. 
It is not reduced in alkaline solution by sodium 
dithionite (cf. skyrin; Howard & Raistrick, 1954). 

The following functional derivatives of irido- 
skyrin have been prepared. Hexaacetyliridoskyrin, 
CypHg9Oy6, ie. Cy9H,20,(0.CO.CH,),, pale yellow, 
rectangular plates, m.p. 267—268°, and hexamethy- 
liridoskyrin, Cyg,H 90,9, i.e. CygH,20,(OCH,),, flat 
orange rods, m.p. 343-345°, insoluble in alkalis 
and forming a stable, blue solution in cold con- 
centrated sulphuric acid. 

Shortage of material has so far not permitted 
degradative experiments on iridoskyrin, but it is of 
interest to note that it is isomeric with skyrin, 
C9H,g0j9, a colouring matter found in the mycelium 
of a biochemically atypical strain of P. islandicum, 
no. N.R.R.L. 1175 (Howard & Raistrick, 1954). 
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Both substances are polyhydroxyquinones of high 
melting point, possessing six hydroxyl groups, two 
quinone groupings and two methyl groups attached 
to carbon. The molecule of skyrin is considered to 
consist of two molecules of emodin (III) joined by 
a direct carbon-to-carbon link, for example as in 
(IV). The possibility must therefore be considered 
that the molecule of iridoskyrin is similarly derived, 
most probably from islandicin, for example as in 
(V). Unfortunately this possibility seems unlikely 
though not impossible for the following reasons. 
(i) Solutions in glacial acetic acid and in concen- 
trated sulphuric acid of a compound of structure (V) 
might be expected to show the fluorescence in day- 
light typical of quinizarin (1:4-dihydroxyanthra- 
quinone) derivatives (Raistrick, Robinson & Todd, 
1934, p. 567); no such fluorescence is observed in 
solutions of iridoskyrin in these reagents. (ii) 
Solutions of skyrin in cold concentrated sulphuric 
acid show a change in colour on standing, most 
probably because of interaction of hydroxyl groups 
in the two emodin nuclei; no such change of colour is 
observed when iridoskyrin is dissolved in concen- 
trated sulphuric acid. (iii) The most significant differ- 
ence between the two substances is shown in their 
reactions with sodium dithionite (Na,S,0,) in alkal- 
ine solution, whenskyrin readily undergoes reductive 
cleavage yielding two molecules of emodin (III) 
whereas iridoskyrin can be recovered unchanged. 
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Rubroskyrin 


Rubroskyrin crystallizes from ethanol as thin, 
rectangular plates, dark red in bulk, m.p. 289—290° 
(decomp.). On account of its instability it has not 
yet been possible to prepare a crystalline derivative 
and the suggested molecular formula, C>5H,.0j., is 
based on analyses of the substance itself, on its 
relationship to iridoskyrin, C,,H,,0,), and on its 
decomposition products. Solutions of rubroskyrin 
in organic solvents are red in colour and do not 
fluoresce in daylight. It is insoluble in 0-5n sodium 
bicarbonate but dissolves in N sodium carbonate 
and aqueous N sodium hydroxide to give emerald- 
green solutions, the colour of which fades on 
exposure to air. Rubroskyrin is thus the substance 
responsible for the green colour observed when 
portions of the mycelium of four out of the six 
strains of P. islandicum originally examined were 
immersed in alkalis (Howard & Raistrick, 1949). It 
dissolves in cold concentrated sulphuric acid to an 
initially red solution, the colour of which changes in 
a few hours to blue. 

Rubroskyrin is reduced by zine dust in glacial 
acetic acid and by sodium dithionite (Na,S,O,) in 
alkaline solution. The product, ‘reduced rubro- 
skyrin’ has so far not been obtained crystalline. 
Crude ‘reduced rubroskyrin’ is an amorphous, 
orange powder, m.p. 143-148° (decomp.). It 
dissolves in N sodium carbonate or in aqueous N 
sodium hydroxide to a red solution which turns 
green on shaking in air and from which rubroskyrin 
is precipitated on acidification. Thus, in both the 
ease and the manner of their interconvertibility, 
rubroskyrin and ‘reduced rubroskyrin’ behave like 
a quinone and the corresponding quinol. 

Rubroskyrin is readily decomposed either (a) by 
the action of cold concentrated sulphuric acid or 
(6) by heating. The results obtained, while not 
providing conclusive evidence on the structure of 
rubroskyrin, establish the relationship of this sub- 
stance both to iridoskyrin and to other mould 
colouring matters. 

(a) A solution of rubroskyrin in cold concentrated 
sulphuric acid was kept overnight at room temper- 
ature and from the reaction products there was 
isolated 82% of crystalline iridoskyrin. The same 
basic change occurs when rubroskyrin is treated 
with acetic anhydride and sodium acetate at 100° 
since hexaacetyliridoskyrin is formed in good 
yield. 

(6) Rubroskyrin was heated at 290-300° in an 
atmosphere of nitrogen. The following yields of 
recognizable decomposition products were obtained : 
water, 6-4; carbon dioxide, 0-15; islandicin (I), 41-4; 
eatenarin (II), 7-5; and iridoskyrin (possibly V) 
31-9%; total=87-3%. When rubroskyrin was 
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heated in high vacuum for 1 hr. at 270° islandicin 
(36%), catenarin (16%) and iridoskyrin (18%) 
were obtained. Hence the decomposition reactions 
of rubroskyrin may be represented by the following 
equations: 


(i) CygH 22012 > 2H,O + CygH,01o 
Rubroskyrin Tridoskyrin 


(ii) CypH 20,2 > HO + Cy5Hy 0; + Cys5H 90g 
Rubroskyrin Islandicin Catenarin 


The decomposition of rubroskyrin by sulphuric acid 
would then be represented by equation (i) only, and 
the thermal decomposition by equations (i) and (ii) 
occurring simultaneously. 

‘Reduced rubroskyrin’ is also readily decom- 
posed by cold concentrated sulphuric acid—the 
solution initially green changing to purple-red on 
standing—or by heating. It yields the same three 
substances as are formed from rubroskyrin but the 
breakdown proceeds rather less smoothly and the 
total yield of recognizable products is smaller, 
owing no doubt, at least in part, to the uncertain 
purity of the starting material. The yields of 
islandicin, catenarin and iridoskyrin are 44, nil and 
6%, respectively, when ‘reduced rubroskyrin’ is 
decomposed by concentrated sulphuric acid at 
room temperature, and 60, 4 and 10% when it is 
heated to 160°. It is, however, of interest to note the 
fundamentally different reactions of rubroskyrin 
and ‘reduced rubroskyrin’ in cold concentrated 
sulphuric acid. Thus, whereas rubroskyrin gives 
82% of iridoskyrin but no islandicin, the products 
from ‘reduced rubroskyrin’ are 6% of iridoskyrin 
and 44% of islandicin. 

The ready conversion of rubroskyrin, with the 
loss of water, into iridoskyrin, islandicin and 
catenarin links it with other mould colouring 
matters and is analogous to the conversion, again 
with loss of water by heating or by treatment with 
cold concentrated sulphuric acid, of flavoskyrin 
from P. islandicum, strain N.R.R.L. 1175 (Howard 
& Raistrick, 1954) into chrysophanol (VI) according 
the equation 


C,5H)20; > H,O +C,5Hy 0, 
Flavoskyrin Chrysophanol 


Of the three conversion products of rubroskyrin— 
iridoskyrin, islandicin and catenarin—the first 
two are also metabolic products of strains of P. 
islandicum, while catenarin (II) is present in the 
mycelium of Helminthosporium gramineum Raben- 
horst (Charles, Raistrick, Robinson & Todd, 1933), 
H. catenarium Drechsler and other species of 
Helminthosporium (Raistrick et al. 1934; Anslow & 
Raistrick, 1940, 1941) and Aspergillus amstelodami 
(Mangin) Thom & Church (Shibata & Natori, 
1953). 
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Erythroskyrine 


Erythroskyrine crystallizes from methanol or 
ethanol in dark red micro-crystals which effloresce 
on standing in air owing to loss of solvent of crystal- 
lization. It melts at 108—110° but does not sublime 
in high vacuum. It has not yet been possible to 
prepare any crystalline functional derivatives of 
erythroskyrine so that the molecular formula, 
C.,H;,0,N, suggested for it is very tentatively 
advanced. It gives an iodine-brown ferric colour in 
ethanol. It dissolves in cold concentrated sulphuric 
acid to give a characteristic, intensely blue solution 
which is stable on standing. It is very sensitive to 
exposure to daylight in the solid state, quickly 
changing colour from dark red to an orange, 
amorphous substance which gives only a brown 
solution in cold concentrated sulphuric acid. 

Erythroskyrine is a weak acid being soluble with 
difficulty in sodium bicarbonate but more readily 
soluble in sodium carbonate or aqueous sodium 
hydroxide. Many of its salts are soluble in organic 
solvents with the results that some of them may even 
be extracted from aqueous solution, e.g. with 
chloroform, and when solutions of erythroskyrine 
are chromatographed on magnesium oxide or 
magnesium carbonate the resulting deep yellow 
band may be eluted with methanol, not as the free 
colouring matter but as the magnesium derivative. 
The sodium derivative has been prepared as orange 
scales which analyse well for C,,H,,0,NNa, 2H,O 
and, after drying, for C,,H,,O,NNa. This salt is 
readily soluble in water to give a neutral, orange 
solution which exhibits anti-bacterial activity 
against Staphylococcus species, corresponding to 
total inhibition of growth for 20 hr. at 37° of Staph. 
albus and Staph. aureus at a concentration of the 
sodium derivative of 1 part in 21000. 

It is also a weak base, being completely soluble in 
cold concentrated hydrochloric acid. This solution is 
however very unstable and undergoes deep-seated 
decomposition on boiling, part of the nitrogen in the 
molecule being released as a volatile base which has 
not yet been identified but is neither ammonia nor 
methylamine. 

Erythroskyrine isa highly unsaturated substance, 
being rapidly reduced catalytically with palladium 
and hydrogen. Four moles of hydrogen are ab- 
sorbed per mole of C,,H;,0,N. The reduction 
product, a dark yellow oil which could not be 
crystallized, was methylated with diazomethane 
giving an oil which was oxidized with potassium 
permanganate. The resulting oxidation product 
crystallized in colourless, curved needles, m.p. 
105-110°. It contains no nitrogen or methoxyl, 
titrates as a dibasic acid and has probably the 
molecular formula C,,H,,0,, i.e. CyH,.(COOH),. 
Its chemical constitution is under investigation. 


PIGMENTS OF PENICILLIUM ISLANDICUM 


During the last 6 years we have examined the 
colouring matters present in ten different, but 
morphologically authentic, strains of P. islandicum 
Sopp. Seven different colouring matters in all have 
been isolated in pure crystalline form. In those 
cases where isolation of the crystalline pigments 
proved impossible their presence or absence was 
determined by chromatography and/or colour 
reactions. The results obtained up to the present 
may be summarized as follows. 

(a) Erythroskyrine was isolated from strains 
L.S.H.T.M. no. BB233 and N.R.R.L. 1036, and was 
identified in all the other eight strains. 

(6) Islandicin (I), rubroskyrin and iridoskyrin 
were detected with certainty and were usually 
isolated in crystalline form from eight strains. These 
three pigments are almost certainly absent from 
strains N.R.R.L. 1175 and L.S.H.T.M. no. BB 233. 
All are red in colour. 

(c) Chrysophanol (VI), skyrin (IV) and flavo- 
skyrin have been isolated in crystalline form from 
strain N.R.R.L. 1175; all three pigments are absent 
from strain L.S.H.T.M. no. BB 233; chrysophanol 
and flavoskyrin are absent from strain N.R.R.L. 
1036, except possibly in minute amounts, but a 
small amount of skyrin was isolated from it as the 
crystalline acetate. The three pigments are orange 
or yellow in colour. 

The ten strains of P. islandicum examined, 
although all morphologically authentic, may there- 
fore be subdivided into three groups. 

Group A. Eight strains, all dark red in colour, 
which we regard as biochemically typical, all yield 
islandicin, rubroskyrin, iridoskyrin and erythro- 
skyrine. Skyrin is present in at least one strain thus 
linking this group with group C. 

Group B. One strain, L.S.H.T.M. no. BB 233, 
bright orange in colour, yields only erythroskyrine. 

Group C. One strain, N.R.R.L. 1175, is much 
more orange and less red in colour than the strains 
in group A. It yields chrysophanol, skyrin, flavo- 
skyrin and erythroskyrine. 

We regard groups B and C as being biochemically 
atypical. 

Ignoring erythroskyrine for the present, the 
other six colouring matters fall into two distinct 
groups. In the first group are the three red sub- 
stances, islandicin, iridoskyrin and rubroskyrin, 
the last two of which are structurally related to 
islandicin or to its 7-hydroxy derivative, catenarin. 
These three pigments are found in the biochemically 
typical strains of group A. In the second group are 
the three orange or yellow pigments, chrysophanol, 
flavoskyrin, and skyrin, the last two of which are 
structurally related to chrysophanol or to its 7- 
hydroxy derivative, emodin. These three pigments 
are found in the biochemically atypical strain, 
N.R.R.L. 1175 in group C. The biochemical 
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difference between the strains in group A on the one 
hand and group C on the other hand can therefore 
be most broadly stated as follows. Strains in 


group A are able to synthesize colouring matters 
derived from 1-hydroxy-2-methylanthraquinone, 
whereas the colouring matters synthesized by the 
strain in group C are related to anthraquinones 
lacking the hydroxy] group in position 1. 


EXPERIMENTAL 


Culture 


The strain of Penicillium islandicum Sopp used in this part 
of the work was received by us in 1943 from the Thom- 
Raper collection from Dr Kenneth B. Raper, Northern 
Regional Research Laboratory (N.R.R.L.), U.S. Depart- 
ment of Agriculture, Peoria, Illinois, U.S.A., and bears the 
catalogue number N.R.R.L. 1036. It was received originally 
by Dr Charles Thom in 1922 from F. M. Putterill, Cape 
Town, South Africa, and is described in detail by Raper & 
Thom in their Manual of the Penicillia (1949, p. 623). 
It is the same strain as that used for the bulk preparation of 
islandicin, (Howard & Raistrick, 1949) and appears to be 
morphologically and biochemically typical of the species. 
The mycelium of a mature culture is a deep brownish red 
colour. 
Cultural conditions 


Batches of fifty or one-hundred 11. conical flasks, each 
containing 350 ml. of Czapek-Dox solution (glucose, 50-0 g.; 
NaNO,, 2-0 g.; KH,PO,, 1-0 g.; KCl, 0-5 g.; MgSO,.7H,0, 
0-5 g.; FeSO,.7H,O, 0-01 g.; distilled water, 11.) were 
plugged with cotton wool, sterilized and inoculated with 
P. islandicum strain N.R.R.L. 1036. The flasks were incu- 
bated in the dark at 24° for 19-24 days, when the glucose 
content of the solution had fallen to 0-4% or less and the 
pH was about 4-2. The flasks were harvested in the usual 
way (see Howard & Raistrick, 1949, p. 230) and the culture 
filtrate was discarded. The yield of mycelium, dried in vacuo 
at 40°, was about 4-2 g. per flask. 


Isolation of the colouring matters 


Two methods have been used for the separation of rubro- 
skyrin and iridoskyrin from the dried and ground mycelium 
of P. islandicum strain N.R.R.L. 1036. 

A. Dried, powdered mycelium (201 g.) from fifty flasks 
was exhaustively extracted with CHCl, in a Soxhlet ap- 
paratus. The dark red extract was evaporated in vacuo and 
the residual solid was freed from fat by extraction with light 
petroleum. The material insoluble in light petroleum was 
re-dissolved in CHCl, and extracted with aqueous N-Na,COQ,. 
After centrifugal separation the CHCl, solution was evapor- 
ated and yielded islandicin (6-19 g.). The Na,CO, extracts 
were acidified. The resulting red precipitate was filtered off, 
washed with water and dried, giving a dark red solid 
(19-15 g.) which was finely ground. Portions of it were 
extracted for a short time with ether in a Soxhlet apparatus. 
This treatment removed much material, which was dis- 
carded, giving brown and purple bands on a column of 
MgCO,, together with a little rubroskyrin. Further ex- 
traction in the Soxhlet with acetone gave clean red solutions, 
which were passed through columns of CaCO, (British Drug 
Houses; ‘ precipitated’). A better separation of the bands 


B. H. HOWARD AND H. RAISTRICK 


1954 


was obtained on this adsorbent than on heavy MgCO,. 
After adsorption, the columns were well washed with 
acetone; the brown and purple bands at the top were dis- 
carded ; the clean green band below was separated mechanic- 
ally, dried in air, and added slowly to aqueous 4Nn-HCl 
containing ice. The resulting red precipitate was removed by 
shaking three times with large volumes of ether. When 
washed, dried (Na,SO,) and concentrated, the ether de- 
posited crude rubroskyrin as dark red rods, different 
fractions of which melted in the range 276-283°. Yield 
2-0 g. from 8 g. crude Na,CO, extract. 

B. Dried powdered mycelium (417 g.) from 100 flasks was 
extracted in a percolator for 40 hr. with hot light petroleum, 
b.p. 40-60°. The extract, containing an orange-red solid in 
suspension, was filtered. Removal of the light petroleum 
from the pale orange filtrate yielded ‘fat’ (36 g.). The 
orange-red precipitate (4-2 g.) contained islandicin with a 
little iridoskyrin and other substances. This mixture was 
fractionated as follows. 1-0 g. portions of it were shaken 
with 0-5N-NaHCO, (300 ml.), kept overnight, and then 
filtered off and washed with water. The orange filtrates were 
discarded, and the remaining solids (0-7 g. in each case) 
were dried and heated in high vacuum at 180° for 1 hr. giving 
sublimates of almost pure islandicin (1-9 g.). The combined 
brownish residues were extracted with boiling benzene. On 
concentrating the extracts to 40 ml., crude iridoskyrin 
separated as red, iridescent, lozenge-shaped crystals 
(0-25 g.), m.p. 354-356°. 

The light-petroleum-extracted mycelial powder was air 
dried and was re-extracted in the percolator with ether for 
15 hr. The brown to orange-red extracts so obtained con- 
tained a little rubroskyrin, together with large amounts of 
colouring matters giving yellow, purple and red bands on a 
column of MgCO,. The yellow band yielded erythroskyrine 
(see p. 219). The other two bands have not been investigated 
further at present. 

The mycelium was finally extracted in the percolator with 
six successive lots of CHCl, for 2, 2-5, 3-5, 5, 7 and 12 hr., 
respectively. All the CHCl, solutions were red and gave 
green extracts when shaken with N-Na,CO ;, the colours 
suggesting that the middle extracts were the purest. 
Extracts 1, 2, 3, 4 and 5+6, diluted with CHCl, to 7-7, 3-3, 
1-8, 1-8 and 1-71, respectively, were passed through 
columns of CaCO, and each column was washed with fresh 
CHCl,. All the columns were similar in appearance having 
in order from top to bottom the following bands: (1) narrow 
purple; (2) broad brown-yellow; (3) narrow purple; (4) 
broad green; (5), (6) and (7) narrow red, yellow and purple; 
(8) broad pale purple; (9) broad salmon-pink. The broad 
green bands (4) were separated mechanically, acidified with 
ice-cold 4N-HCl and the liberated pigments were re- 
dissolved in CHCl,. This solution was re-passed through 
CaCO, columns and rubroskyrin was obtained from the 
resulting green bands by extraction with ether as described 
in method A. The yields and m.p.’s of the dark red, crystal- 
line rubroskyrin obtained from the different extracts were 
as follows: 1, 0-47 g., 265-267°; 2, 0-37 g., 276-278°; 3, 
0-48 g., 284-285°; 4, 0-22g., 284-285°; 5+6, 015g, 
impure and amorphous. Total weight of crude crystalline 
rubroskyrin, 1-54 g. 

Bands (8) and (9), representing respectively iridoskyrin 
and islandicin, were eluted during washing of the CaCO, 
columns with CHCl,. The combined eluates were freed from 
CHCl, by evaporation and tlfe sticky, dark red residue was 
heated in small portions in high vacuum at 180° giving 
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crystalline sublimates of islandicin. Iridoskyrin was most 
conveniently prepared from the islandicin-free residues 
(1-01 g.) via the acetate (see below). 


Iridoskyrin 


Purification and properties. The residues from the subli- 
mations described in the previous paragraph were converted 
into the acetate as described below. The free pigment 
(0-42 g.) obtained by alkaline hydrolysis of the pure acetate 
was crystallized from benzene (140 ml.) giving pure 
iridoskyrin. Tridoskyrin is dimorphic and crystallizes from 
benzene either as deep red, thin rods or as hexagonal plates. 
The crystals have a green iridescence which is most marked 
with the larger hexagonal type. When heated, iridoskyrin 
begins to smoke at about 350° and melts to a purple-black 
liquid at 358-360°. When iridoskyrin is crystallized from 
benzene a variable amount of solvent is retained and cannot 
be removed by heating to 120° in high vacuum. Sublimation 
in high vacuum at 260° was employed to ensure solvent-free 
material for analysis. (Found on sublimed sample: N, 
halogen, S, OCHg, nil; C, 66-9, 66-9, 66-9; H, 3-5, 3-5, 3-4; 
C-CH;, 7-4. C39H,,09 requires C, 66-9; H, 3-4; 2 C-CH,, 
56%. 

Iridoskyrin is readily soluble in CHCl, acetone and warm 
benzene, slightly soluble in ether and almost insoluble in 
ethanol. Its solutions in organic solvents are orange-red in 
colour, appearing much bluer in thin layers and not fluoresc- 
ing in daylight. Its ethanolic solution gives with ethanolic 
FeCl, a deep violet colour indistinguishable from that given 
by salicylic acid. It dissolves to a stable, non-fluorescent, 
intensely blue solution in cold conc. H,SO,. It is insoluble in 
0-5n-NaHCO,, N-Na,CO, and 0-01 N-NaOH, but dissolves in 
aqueous N-NaOH to a purple-blue solution, the colour of 
which rapidly fades on exposure to air. A stable, purple 
band is formed when a solution of iridoskyrin in acetone is 
passed through a column of MgCO, or MgO. The purple-blue 
solution of iridoskyrin in nN-NaOH becomes brown-orange 
in colour on the addition of Na,S,0,, but the pigment 
is recovered unchanged when the neutralized mixture is 
extracted with ether. 


Derivatives of iridoskyrin 


(a) Hexaacetyliridoskyrin. Crude iridoskyrin (1-01 g.; 
see above) was heated with acetic anhydride (10 ml.) and 
fused sodium acetate (2 g.) at 100° for 2hr. The crude 
acetate (1-30 g.), recovered as an orange-yellow powder on 
pouring the cooled reaction mixture into ice water, was 
crystallized by diluting its solution in CHCl, (20 ml.) with 
ethanol (200 ml.). After two further similar crystallizations 
hexaacetyliridoskyrin was obtained as clusters of pale 
yellow, rectangular plates (0-75 g.), m.p. 267—268°. (Found 
on material dried in high vacuum at 160°: C, 63-6, 63-5; H, 
4-0, 4-0; CH,CO, 31-5; mol.wt., eryoscopic in camphor, 779, 
795. CyH5 901, requires C, 63-8; H, 3-8; 6CH,CO, 32-7%; 
mol.wt. 791.) 

Dried hexaacetyliridoskyrin (0-6164 g.) was hydrolysed 
by heating on the boiling water bath for 2 hr. in an atmos- 
phere of O,-free N, with aqueous NaOH (0-9644N; 25-00 ml.). 
The dark blue solution was acidified by addition of N-H,SO, 
(30-00 ml.) and the flask was then stoppered and held at 100° 
for a further 0-5 hr. to coagulate the ppt. The cooled mixture 
was filtered and the bright red solid was washed and dried 
(wt. 0-42 g.; theoretical 0-427 g.). When titrated to phenol- 
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phthalein with the NaOH used for hydrolysis the filtrate 
and washings required 10-77 ml., corresponding to 31-5% 
of CH,CO in the acetate. 

(b) Hexamethyliridoskyrin. Tridoskyrin (0-1 g., from 
benzene) was boiled under reflux with dry acetone (150 ml.), 
dimethyl sulphate (1-0 ml.) and freshly heated K,CO, 
(1-0 g.). During 22 hr. boiling further quantities of dimethyl 
sulphate (2-0 ml.) and K,CO, (5-5 g.) were added a little at 
a time. The orange mixture was then diluted with water, and 
acetone and dimethyl] sulphate were removed by distillation 
under reduced pressure. The remaining suspension was 
extracted with CHCl,, from which solution incompletely 
methylated material was removed by shaking with small 
amounts of N-NaOH. The dry, orange solid (0-09 g.), left on 
evaporation of the CHCl,, was crystallized first from acetone 
and then twice from CHCI,: ethanol (1-5+15 ml.) to give 
hexamethyliridoskyrin (0-06 g.) as flat, oblique-ended rods 
which are a deep, glistening orange colour in bulk, m.p. 
343-345°. (Found on material sublimed in high vacuum at 
300°: C, 69-4; H, 5-0; OCH, 30-0. C,g,H 9019 requires C, 
69-5; H, 4:9; 60CH,, 29-9%.) Hexamethyliridoskyrin 
is insoluble in alkalis and dissolves to a stable, blue 
solution in cold conc. H,SO,. 


Rubroskyrin 


Purification and properties. Rubroskyrin is not readily 
crystallized as it is not markedly more soluble in hot solvents 
than in cold. Crude crystalline rubroskyrin (0-23 g.) was 
boiled with ethanol (4 x 100 ml.) and the combined filtered 
extracts were evaporated in vacuo to 100 ml. The crystals 
that separated on standing were recrystallized in a similar 


manner to yield pure rubroskyrin (0-11 g.) asthin rectangular 
plates, dark red in bulk, m.p. 289-290° (decomp.). (Found 
on sample dried in high vacuum at 150°: N, halogen, 8, 
OCH,, nil; C, 62-5, 62-5; H, 4-0, 4-0. C39H,.0,,. requires C, 
62:7; H, 39%.) 

Rubroskyrin behaves in a characteristic manner on 
heating; slight softening occurs at about 270° with the forma- 
tion of an orange, crystalline sublimate ; melting takes place 
at 289-290° and is accompanied by vigorous effervescence 
and blackening. Rubroskyrin is almost insoluble in light 
petroleum, ether and benzene, slightly soluble in CHCl, 
moderately soluble in ethyl acetate, glacial acetic acid, 
ethanol and dioxan, and fairly readily soluble in acetone. It 
is insoluble in 0-5N-NaHCO,, but dissolves in N-Na,CO, and 
n-NaOH to emerald-green solutions, the colour of which 
fades to a brownish yellow on exposure to air. Portions of an 
ethereal solution were shaken with equal volumes of 0-2M 
borate or phosphate buffers. At pH 7-4 and below, the 
aqueous layer was colourless; at pH 8-2 it was slightly 
green; at pH 8-5 the ether layer was pale pink and the 
aqueous layer a moderate green; at pH 9-0 the ether layer 
was very pale pink and at pH 10-0 and above it was quite 
colourless. The material crystallized as described above was 
chromatographically homogeneous, giving a uniform stable 
green band when an acetone solution was passed through 
a column of MgCO, or CaCO;. A solution of rubroskyrin in 
cold cone. H,SO, is red at first but changes during a few 
hours to an intense pure blue. Rubroskyrin gives a strong 
purplish brown ferric reaction in ethanol. The red colour of 
a solution of rubroskyrin in warm glacial acetic acid is 
rapidly changed to orange-yellow on the addition of Zn 
dust. 
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Attempts to prepare derivatives of rubroskyrin 


(a) Acetylation. Isolation of hexaacetyliridoskyrin. 
Rubroskyrin (0-05 g.) was heated at 100° for 2 hr. with 
acetic anhydride (1 ml.) and fused sodium acetate (0-2 g.) 
during which time the colour of the solution changed from 
red to brown. The orange-brown solid which separated when 
the cooled mixture wasshaken with ice was crystallized twice 
by dissolving in CHCl, (2 ml.) and adding ethanol (15 ml.). 
The acetate was thus obtained as clusters of pale yellow rect- 
angular plates, m.p. 265-267°, not depressed on admixture 
with authentic hexaacetyliridoskyrin, m.p. 267-268°. It 
dissolved in cold cone. H,SO, to an intensely blue solution, 
indistinguishable from that given by iridoskyrin in the same 
reagent. 

(b) Methylation. Rubroskyrin (0-10 g.), dissolved in dry 
acetone (40 ml.), was refluxed for 14 hr. with dimethyl 
sulphate (2 ml.) and dried K,CO, (4 g.). The orange-yellow 
solution was then concentrated and poured into water 
(300 ml.) containing 2N-HCl (60 ml.). The orange-yellow 
precipitate, after removal of a trace of NaOH-soluble 
material, dried to a gummy solid (0-06 g.) which could not be 
crystallized. It was insoluble in N-NaOH and gave an olive- 
green solution in cold conc. H,SQ,. 

(c) Reduction. Isolation of ‘reduced rubroskyrin’. Rubro- 
skyrin (0-10 g.) was dissolved by shaking in cold n-NaOH 
(25 ml.), and to the green solution was added Na,S,O, 
(1-0 g.) dissolved in water (10 ml.) causing the colour to 
change immediately to red. N-HCl (25 ml.) was quickly 
added and the resulting orange precipitate was extracted 
into ether (3 x 50 ml.). The reduction product was obtained 
as an amorphous orange powder (0-10 g.) when the ether 
extracts were evaporated to dryness. It was readily soluble 
in organic solvents and appeared to decompose in solution. 
It could not be crystallized. Crude ‘reduced rubroskyrin’, 
m.p. 143-148° (decomp.), is insoluble in 0-5N-NaHCO,, but 
in N-Na,CO, and n-NaOH it dissolves to a solution which is 
initially red and changes rapidly through brown to green. 
In cold cone. H,SO, it gives initially a green solution, the 
colour of which changes during 1 hr. through brown to 
purple-red with a red fluorescence. 

(d) Oxidation of ‘reduced rubroskyrin’. Regeneration of 
rubroskyrin. Crude ‘reduced rubroskyrin’ (0-04 g.) was 
shaken in air with n-NaOH (5 ml.). The colour slowly be- 
came green during 15 min. when the mixture was acidified 
and extracted with ether. Typical crystals of rubroskyrin 
(0-01 g.), m.p. 286-288° (decomp.) separated on concen- 
tration. A mixture with authentic rubroskyrin, m.p. 288- 
289° (decomp.), melted at 287—289° (decomp.). 


Decomposition of rubroskyrin 

(a) By H,SO,. Rubroskyrin (103 mg.) was dissolved in 
cold cone. H,SO, (5 ml.) and the mixture was kept overnight 
in a stoppered tube at room temperature. The resulting 
deep-blue solution was poured into ice water (200 ml.) and 
the resulting red precipitate was extracted with ether 
(4 x 400 ml.) to give an orange-red solution which was freed 
from traces of Na,CO,-soluble material, dried and concen- 
trated. Two crops of crystals were thus obtained; the first 
(77 mg.), m.p. 356-358°, consisted of deep red hexagonal 
plates with a strong green iridescence and the second (7 mg.), 
m.p. 356-358°, of similar plate crystals with a few similarly 
coloured rods. (Yield of crystalline product 84 mg. =82% 
of starting material.) This product was crystallized from 
benzene (18 ml.) from which it separated as hexagonal 
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plates and pointed rods (61 mg.), m.p. 358-360° alone or 
mixed with authentic iridoskyrin, m.p. 358-360°. (Found on 
material dried in high vacuum at 230°: N, halogen, 8S, OCH,, 
nil; C, 67-0, 66-9; H, 3-5, 3-5. Cg9H,.0,9 requires C, 66-9; 
H, 34%.) The product also gave solutions in cold cone. 
H,SO, and in aqueous n-NaOH which were identical in 
colour with those given by iridoskyrin in the same reagents. 

For confirmation of identity, a portion of the product was 
acetylated with acetic anhydride and sodium acetate. The 
crude acetate crystallized from CHCl, (1 ml.):ethanol 
(10 ml.) as clusters of pale yellow plates, m.p. 266-268°, 
alone or mixed with hexaacetyliridoskyrin, m.p. 267—268°. 

(b) Thermal decomposition. Rubroskyrin (151-3 mg., after 
drying in high vacuum at 130°) was heated in a stream of 
dry N, freed from O, and CO,. The N, and volatile products 
were then passed through a CaCl, tube and a bubbler con- 
taining 0-2M-Ba(OH),. The tube containing the rubroskyrin 
was immersed in a metal bath, heated first at 290° for 15 min. 
and, after 15 min. cooling, for a further 20 min. at 300°. The 
flow of N, was stopped during the two periods of heating in 
order to prevent solid reaction products from being carried 
over at the time of decomposition and was continued for 
45 min. after the end of the second heating period. It was 
then found that the CaCl, tube had gained 9-66 mg. water 
and that 0-22 mg. CO, had been trapped in the Ba(OH),. 

The solid products of the reaction (139-1 mg.) consisted of 
a bright orange-red sublimate and a dark residue. The whole 
of this material was dissolved in CHCl,, the last traces of the 
residue being brought into solution only by extraction in 
a Soxhlet. The combined CHCl, extracts were concentrated 
and diluted with ether. The material in solution was fraction- 
ated by shaking repeatedly with 0-2N-Na,CO,. The purple 
alkaline extracts so obtained, together with the dark blue 
insoluble salt produced at the same time, were run into dilute 
acid, and the liberated products were extracted with ether. 
The ether solution was washed with water, evaporated to 
dryness and the residual Na,CO,-soluble material was 
fractionally sublimed in high vacuum. The Na,CO,-insoluble 
material remaining in the ether after Na,CO, extraction was 
treated similarly. 

The Na,CO,-soluble material yielded an orange-red sub- 
limate at 200° (11-28 mg.), but no other fraction sublimed 
below 320°. The sublimate crystallized from ethanol as long, 
narrow plates, glistening red in bulk, m.p. 244-246°, not 
depressed on admixture with authentic catenarin, m.p. 
244-246°, isolated from Helminthosporium tritici-vulgaris 
(Raistrick et al. 1934). (Found on material dried in high 
vacuum at 110°: C, 62-7; H, 3-9. Cale. for C,;H4 0, : C, 62-9; 
H, 35%.) The product and authentic catenarin gave 
identical colours in the following tests: N-Na,CO,, violet-red 
solution fading on exposure to air; glacial acetic acid, 
orange solution with green fluorescence; cold conc. H,SO,, 
blue-violet solution. 

The Na,CO,-insoluble material yielded first an orange-red 
sublimate at 180° (62-59 mg.) and a deep red sublimate at 
280° (48-27 mg.). The former sublimate crystallized from 
glacial acetic acid as glistening, maroon leaflets, m.p. 218° 
either alone or mixed with authentic islandicin, m.p. 218°, 
from P. islandicum strain N.R.R.L. 1036 (Howard & 
Raistrick, 1949). (Found: C, 66-8; H, 3-8. Calc. for 
C,;H,,0;: C, 66-7; H, 3-7%.) The fraction subliming at 280° 
crystallized from benzene as clusters of pointed rods, dark 
red in colour with a green iridescence, m.p. 357-359° not 
depressed on admixture with authentic iridoskyrin, m.p. 
358-360°. (Found on material dried in high vacuum at 
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210°: C, 67-1; H, 3-4. Cale. for Cy9H,,0j9 : C, 66-9; H, 3-4%.) 
The product and authentic iridoskyrin gave identical colours 
in the following tests: N-Na,CO,, insoluble; n-NaOH, 
purple-blue fading on exposure to air; glacial acetic acid, 
orange-red, much bluer in thin layers but without fluor- 
escence; cold conc. H,SO,, blue. A portion of the product 
was acetylated with acetic anhydride containing a little 
conc. H,SO,. The resulting acetate, crystallized from 
CHCI,/ethanol (1:10, v/v) as pale yellow, rectangular plates, 
m.p. 266-267°, not depressed on admixture with authentic 
hexaacetyliridoskyrin, of the same m.p. 

The residues from the sublimations of both the Na,CO,- 
insoluble and the Na,CO,-soluble material were dark purple 
and weighed about 8 mg. each. 

Yields of recognizable decomposition products: water, 
6-4; CO,, 0-15; islandicin, 41-4; catenarin, 7-5; iridoskyrin, 
31-9%. Total =87-3%. 

In another experiment, rubroskyrin was heated in high 
vacuum for 1 hr. at 270°. The yields of islandicin, catenarin 
and iridoskyrin under these conditions were respectively 
36, 16 and 18%. 


Decomposition of ‘reduced rubroskyrin’ 


(a) By H,SO,. Crude, freshly prepared ‘reduced rubro- 
skyrin’ (100 mg.) was dissolved in cold conc. H,SO, (5 ml.), 
and the solution was kept for 1-5 hr. at room temperature 
with occasional shaking. The deep purple-red solution, 
which had a strong red fluorescence, was then rinsed into 
ice water (300 ml.) and the suspension was extracted re- 
peatedly with ether. The mixture of substances in the ether 
was fractionated as described under thermal decomposition 
of rubroskyrin (p. 218), to yield the following fractions. The 
products were identified by m.p., mixed m.p. and colour 
reactions. 

Fraction A, Na,CO,-insoluble, subliming in high vacuum 
at 180°, weighing 44 mg., crystallized from glacial acetic 
acid to yield islandicin, m.p. 218°. 

Fraction B, Na,CO,-insoluble, not subliming in high 
vacuum at 180°, weighing 6 mg., was heated in high vacuum 
at 290° and the sublimate was crystallized from ether to 
give iridoskyrin deep red plates and rods m.p. 353-355°. 

Fraction C, Na,CO,-soluble, subliming in high vacuum at 
180°, nil. 

Fraction D, Na,CO,-soluble, not subliming in high vacuum 
at 180°, weighing 9 mg., not investigated further. Yields 
of recognizable decomposition products: islandicin, 44; 
iridoskyrin, 6%. Total =50%. 

(b) Thermal decomposition. Crude, freshly prepared 
‘reduced rubroskyrin’ (20 mg.) was heated in vacuo at 160° 
for 1 hr. The orange sublimate and dark brown residue were 
dissolved in CHCl, and fractionated as described under 
thermal decomposition of rubroskyrin (p. 218). 

Four fractions were obtained and purified as above: 

A. 12 mg.; islandicin, m.p. 218°. 

B. 2-5 mg.; gave red plates and rods, iridoskyrin. 

C. 0-8 mg.; crystallized from ethanol, catenarin. 

D. 1 mg.; deep purple-red solid, not further investigated. 

Yields of recognizable decomposition products: islandicin, 
60; iridoskyrin, 12-5; catenarin, 4%. Total = 76-5 %. 


Erythroskyrine 
The most suitable strain of P. islandicum for the prepara- 
tion of this colouring matter is strain L.S.H.T.M. no. BB233 
(see p. 221), since its colouring matter consists largely of 
erythroskyrine. 
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Eighty-four 11. flasks, each containing 350ml. of 
Czapek-Dox solution, were sterilized, inoculated with P. 
islandicum strain L.S.H.T.M. no. BB 233 and incubated at 
24° in the dark for 27-29 days. The resulting bright orange 
mycelium was separated from the culture filtrate, washed 
with water, broken into small pieces while still wet and 
immersed in a mixture of aqueous 2N-HC]l (2 1.) and benzene 
(4 1.). The mixture was then stirred vigorously for 1 day. The 
deep red benzene extract was separated, washed with water, 
dried (MgSO,) and evaporated in vacuo to 150 ml. The 
mycelium, still suspended in aqueous 2N-HCl, was re- 
extracted four times more with benzene (4 1. each time) and 
each extract was treated similarly to the first one. To each 
evaporated extract was now added light petroleum (2 vol.; 
b.p. 60-80°). A deep red precipitate was formed in each case 
and, after standing at room temperature overnight, was 
decanted through a filter. The gummy residue was triturated 
with more light petroleum and was thus readily granulated. 
It was finally separated by filtration, washed and dried in 
vacuo. All operations were carried out as far as possible in 
a subdued light. Yields: Ist extract, 9-75 g.; 2nd, 12-81 g.; 
3rd, 7-08 g.; 4th, 3-47 g.; 5th, 1-30 g. Total, 34-41 g. crude 
erythroskyrine/84 flasks=41 g./100 flasks, corresponding 
approximately to 10% of the dry weight of the mycelium. 

Purification and properties. The above red precipitates 
were purified by chromatography. 0-5 g. Portions, dis- 
solved in acetone (250 ml.), were passed through columns 
(10 x 2-5cem.) of MgO (heavy) or MgCO, (heavy). The 
chromatogram, which consisted mainly of an orange-yellow 
band, was developed with methanol (500 ml.), giving rise to 
a yellow eluate which was evaporated to dryness in vacuo. 
The orange residue, consisting essentially of the magnesium 
salt of erythroskyrine, was decomposed with aqueous 
2n-HCl in ice, and the liberated colouring matter was 
extracted into CHCl, which, on evaporation, left a dark red 
solid of free erythroskyrine. Treated in this way, 6-9 g. of 
dried methanol eluate gave 4-1 g. of erythroskyrine. The 
aqueous acid liquor was evaporated tu dryness and ashed 
with conc. H,SO, giving a white solid residue (2-3 g.) which 
consisted essentially of MgSO, since it contained no metals 
other than Mg. This weight 2-3 g., of MgSO, corresponds to 
an equivalent weight of 107 for erythroskyrine. 

No completely satisfactory solvent was found for the 
crystallization of erythroskyrine, the most suitable being 
ethanol (4 ml./g.) or methanol 6-8 (ml./g.). Erythroskyrine 
separates as clusters of dark red micro-needles from ethanol 
and as dark red, rough, hexagonal tablets from methancl. 
Both types of crystals crumble to an amorphous powder on 
drying, even at room temperature in air, owing to loss of 
solvent of crystallization. 

Erythroskyrine melts at 108—110° but does not sublime in 
high vacuum. It is readily soluble in acetone, CHCl, CCl,, 
methanol, ethanol, benzene, glacial acetic acid and pyridine, 
much less soluble in ether and light petroleum and almost 
insoluble in water. It dissolves in cold conc. H,SO, to give 
a characteristic solution which is a very intense, almost pure 
blue colour in transmitted light but appears rather more 
violet by reflected light. It gives an iodine-brown ferric 
colour in ethanolic solution. (Found, on three different 
samples: C, 67-9, 67-8; 67-2, 67-4; H, 7-2, 7-4; 7-3; 7-4; N, 3-6, 
3-7; 3-3; 3-2; OCHg, nil; mol.wt. in camphor (Rast), 470; in 
dioxan (Oxford), 444; equiv. via Mg salt (see above) 107. 
C.,H,,0;N requires C, 67-5; H, 7-3; N, 375%; mol.wt. 373; 
C.4H3,0,N requires C, 67-1; H, 7:3; N, 3-26%; mol.wt. 

29.) 
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Erythroskyrine is very sensitive in the solid state to the 
action of diffused daylight, whereby it is converted into an 
orange amorphous substance which, in contrast to erythro- 
skyrine, dissolves in NaOH to a brown solution, gives only 
a brown colour with cold conc. H,SO, and is much more 
soluble in methanol and much less soluble in CCl,. Erythro- 
skyrine is stable in the solid state if kept in the dark, and 
dilute solutions of it in CCl, remain stable on long exposure 
to diffused daylight in closed vessels. It therefore exhibits 
a type of light sensitivity which is quite distinct from that of 
penicilliopsin (mycoporphyrin) (Oxford & Raistrick, 1940) 
which is stable in the dry state but is transformed, by oxida- 
tion, to ‘irradiated oxypenicilliopsin’ by the action of light 
on its solution in certain organic solvents. 

Erythroskyrine isa weak acid, being soluble with difficulty 
in dilute NaHCO, but more readily soluble in dilute Na,CO, 
or aqueous NaOH. The solutions are a stable orange-yellow 
colour in each case. A striking property of the salts of 
erythroskyrine is their solubility in organic solvents. The 
solubility of the magnesium salt in methanol has already 
been mentioned. The sodium and potassium salts are soluble 
in CHCl, and benzene and less so in ether, and can even be 
removed from solutions in aqueous alkalis by shaking with 
these solvents. 

The pigment is also a weak base, being completely and 
immediately soluble in cold conc. HCl (sp.gr. =1-16) to a 
deep brown solution. If this solution is immediately diluted 
with much water the pigment is precipitated unchanged, as 
judged by the blue H,SO, reaction. If, however, the solution 
is held at room temperature for some hours and then diluted 
with much water, the dirty grey precipitate so formed gives 
only a brown colour with conc. H,SO, with no trace of blue 
or purple. When the conc. HCl solution was boiled for some 
hours, deep-seated decomposition took place with the forma- 
tion of much black insoluble material, the filtrate from 
which contained a volatile base which was isolated as the 
hydrochloride by distilling the filtrate into dilute HCI, after 
making alkaline with 2n-NaOH. The base formed a benzoyl 
derivative, m.p. 82—85°, in a Schotten-Baumann reaction 
with benzoyl chloride; benzamide melts at 128°; a mixture 
of the benzoyl derivative of the base, m.p. 82-85°, and N- 
methylbenzamide, m.p. 80°, melted at 50-70°. Hence the 
base is neither ammonia nor methylamine. 

Sodium derivative of erythroskyrine. A filtered solution 
of purified erythroskyrine (0-5 g.) in CCl, (100 ml.) was 
vigorously shaken with half-saturated aqueous NaHCO, 
(100 ml.). After standing for some hours, the CCl, layer, 
which contained the bulk of the Na derivative as a gelatinous 
mass inseparable by filtration or centrifuging, was run out 
on to a series of porous plates, all of which were then covered 
with clock glasses and kept overnight. The solid Na deriva- 
tive remaining on the plates was scraped off, dried in vacuo, 
extracted thoroughly with boiling CCl,, and re-dried. It 
was then dissolved in boiling ethanol (10 ml.), filtered and 
the filtrate was evaporated to dryness in vacuo. The Na 
derivative was thus obtained as orange scales (0-1 g.). 
(Found, (a) on material dried as above: N, 2-9, 3-1; Na, 4-5, 
4-4; alkoxyl, nil; loss in wt. (water) on drying at 100° in high 
vacuum, 7-15. C.,H3,0,NNa.2H,O requires N, 2-9; Na, 
4-7; 2H,O, 7-4%; (b) on material dried to constant wt. at 
100° in high vacuum: C (including carbon in the residue, 
assumed to be Na,CO,, left after combustion), 63-9, 63-7; H, 
7-8, 7-7; residue, Na,CO,, left after combustion, 11-5. 
Cy,H390,NNa requires C, 63-8; H, 6-7; residue, }Na,CO,, 
11-7%.) 
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The Na derivative is readily and completely soluble in 
water to give a neutral solution and appears to be quite 
stable in the dark both in the solid state and in solution. On 
acidifying its dilute, orange aqueous solution with dilute 
HCl, a deep red colour is first obtained, followed almost 
immediately by the precipitation of erythroskyrine in 
amorphous flocks. Like erythroskyrine it gives the charac- 
teristic intense-blue colour with conc. H,SO,, but this colour 
is no longer given by the Na derivative after exposure to 
daylight for some days. An aqueous solution of the Na 
derivative exhibits some anti-bacterial activity against 
Staphylococcus species. At a concentration of 1 part in 
21000 in 2% glucose broth at pH 7-2 it completely inhibits 
the growth of Staph. albus (N.C.T.C. no. 3256) and Staph. 
aureus (N.C.T.C. no. 3750) for 20 hr. at 37°, the initial 
inoculum being 500-1000 viable bacteria per ml. 


Reduction and degradation of erythroskyrine 


Neither an aqueous solution of the Na derivative of 
erythroskyrine nor an ethanolic solution of the free colouring 
matter appears to be reduced by Na,S,0,, the colour 
changing in the latter case from red to an intense orange. 
Erythroskyrine appears to be reduced by Zn dust in warm 
glacial acetic acid, the colour changing from orange to a 
very pale yellow. It is quickly and smoothly reduced 
catalytically. 

A solution of erythroskyrine (1 g.) in ethanol (50 ml.) was 
shaken in H, with a catalyst made from PdCl, (0-2 g.) and 
Norite charcoal (1 g.). H, (220 ml. at s.t.p.) was very 
rapidly absorbed. Theor. for absorption of 4 moles H,/mole 
of erythroskyrine, C,,H;,0,N, (mol.wt. 429)=208-8 ml. 
The charcoal catalyst was removed by filtration and the 
lemon-yellow filtrate, which gave a brownish red ferric 
colour, was freed from ethanol yielding a dark yellow oil 
(0-80 g.) which could not be obtained crystalline. It gave 
a very weak brown colour with cold conc. H,SO,. The oil 
was re-dissolved in ethanol (15 ml.) and treated with a large 
excess of ethereal diazomethane. N, was rapidly evolved. On 
removal of the solvents a light brown oil remained but could 
not be crystallized. It was therefore oxidized, first at 50° and 
later at 100°, with a total of 50 ml. of 5% aqueous KMn0, 
added in small portions. MnO, was removed by filtration 
and washed with hot water. The filtrate and washings were 
neutralized to litmus with 2N-HCl, evaporated in vacuo to 
about 20 ml. and made strongly acid with 2n-HCl. The 
resulting amorphous, almost colourless solid (0-12 g.) was 
collected, dried and sublimed in a high vacuum at 120-130° 
to give a colourless, micro-crystalline, slightly oily sublimate 
(0-09 g.) which crystallized from boiling light petroleum 
(b.p. 80-100”) in colourless, curved needles (0-06 g.), m.p. 
105-110°. It is very soluble in methanol, ethanol, benzene, 
CHCl, and glavial acetic acid and slightly soluble in light 
petroleum. (Found: C, 61-4, 61-4; H, 9-3, 9-3; N, nil; OCHs, 
nil; equiv. by titration, 128. C,,H..04, (CyH,,-(COOH).), 
requires C, 61-1; H, 9-3; equiv. titrating as a dibasic acid, 
108.) 


Identification of colouring matters present in 
ten strains of Penicillium islandicum 


Cultures 


The history of the ten strains of P. islandicum used in this 
part of the work is as follows: 

1-6. Strains N.R.R.L. 1036, 1037, 1038, 1175, 1177 and 
2115 were all received from Dr Kenneth B. Raper, Northern 
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Regional Research Laboratory (N.R.R.L.), U.S. Depart- 
ment of Agriculture, Peoria, Illinois, U.S.A. Full details of 
them are recorded by Howard & Raistrick (1949, p. 229). 

7. Strain N.R.R.L. 2239 received from Dr Raper in 
June 1950. Isolated by him from African soil. 

8. Strain, London School of Hygiene and Tropical 
Medicine, L.S.H.T.M., no. P. 250. Received in May 1950 
from Mr W. Turner, British Leather Manufacturers’ Re- 
search Association. Isolated from, and producing red stains 
on, leather. Identified by Mr G. Smith. 

9. Strain L.S.H.T.M. no. BB233. Received in May 1940 
from Dr G. R. Bisby, Commonwealth Mycological Institute, 
Kew. Identified by Mr G. Smith. 

10. Strain L.S.H.T.M. no. SM420. Received in April 
1951 from Mr John L. Yuill of York. Isolated by him as an 
aerial contaminant and identified by Dr C. Thom. 

When grown on Czapek-Dox solution, mature cultures of 
strains N.R.R.L. 1036, 1037, 1038, 1177, 2115, 2239 and 
L.S.H.T.M. no. P. 250 were almost indistinguishable from 
each other. They all developed reddish drops on the surface 
of the mycelium which consisted mainly of reddish brown to 
brownish red growth with small areas of green growth, 
having a dark reddish brown to brownish red reverse. 
Strain L.S.H.T.M. no. SM420 was very similar to them, but 
not quite so highly pigmented. Strain L.S.H.T.M. no. 
BB233 was unusual in having a bright orange mycelium, 
while strain N.R.R.L. 1175 was much lighter in colour, 
being yellow to orange, with green areas, and with a yellow- 
to-brown reverse. 

In general, the methods used for the identification of the 
colouring matters were those which have already been 
described, i.e. islandicin (Howard & Raistrick, 1949); 
chrysophanol (Howard & Raistrick, 1950); skyrin and 
flavoskyrin (Howard & Raistrick, 1954); rubroskyrin, 
iridoskyrin and erythroskyrine (present communication). 
In those cases where the method used or the source of 
material have been varied with advantage, details are given 
later. A!l the results ohtained are recorded in Table 1. 

Erythroskyrine. The almost complete absence of colouring 
matters, other than erythroskyrine, from strain L.S.H.T.M. 
no. BB233 was demonstrated as follows. The bright orange 
mycelium from a single flask of this strain, grown on 
Czapek-Dox medium, was separated from the culture fluid, 
washed, pressed between filter papers and extracted with 
boiling acetone (2x150ml.). This treatment removed 
almost all the colouring matter from the mycelium. The 
deep orange extract was chromatographed on MgO. A very 
narrow, pale grey-green band was formed at the top and the 
rest of the column was occupied by a uniform yellow band, 
which was eluted almost completely by methanol. Removal 
of the solvent from the eluate gave a typical orange residue, 
having all the characteristic properties of the magnesium 
salt of erythroskyrine. 

Islandicin. Strains N.R.R.L. 2239, L.S.H.T.M. no. P. 250 
and L.S.H.T.M. no. SM420 gave, in addition to the normal 
mycelium, a highly pigmented, partly crystalline sediment 
in the culture fluid, which was collected by decanting the 
fluid through a filter. A CHCl, extract of this material was 
chromatographed on CaCO,. A number of coloured bands 
were formed, two of which were of particular interest. 
(a) A green band (see next paragraph). (b) The lowest pink 
band was eluted with CHCI,. Removal of the solvent gave 
glistening maroon leaflets melting in each case at 218° alone 
or mixed with authentic islandicin, m.p. 218°, obtained 
from strain N.R.R.L. 1036. 


Table 1. Distribution of pigments of strains of Penicillium islandicum Sopp 
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N.R.B.L. 


L.S.H.T.M. 
no. SM420 


L.S.H.T.M. 
no. BB233 
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2239 


N.R.R.L. 
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Rubroskyrin. The green bands referred to in the previous 
paragraph as well as a similar band from strain N.R.R.L. 
1038 were treated according to procedure B (see p. 216) and 
in each case yielded dark red plates, m.p.’s and mixed 
m.p.’s 285-286° (decomp.) and having the colour reactions 
with n-Na,CO, and cold conc. H,SO, which are character- 
istic of rubroskyrin. In contrast, chromatography of 
Na,CO,-soluble material from strain N.R.R.L. 1175 yielded 
only brown and purple bands. Indeed, none of the many 
chromatographic experiments carried out with this strain 
has shown a green band indicative of rubroskyrin. 

Tridoskyrin. During chromatography on MgCO, of 
extracts of the mycelium of strain N.R.R.L. 1175, a purple 
band was noticed near the bottom of the column, immedi- 
ately above the broad, salmon-pink chrysophanol band 
(Howard & Raistrick, 1950, p. 52; 1954, p. 60). It was 
suspected that this band might indicate the presence of 
iridoskyrin. However, while examination of the colouring 
matter contained in the band has not yielded the substance 
in crystalline form, it has shown conclusively that it is not 
iridoskyrin, but is probably a new colouring matter. Its 
solution in CHCl, is orange in colour and yields a sparingly 
soluble, violet salt when shaken with N-NaOH. A solution of 
the substance in cold conc. H,SO, is crimson in colour. 

Skyrin. Identification in strain N.R.R.L. 1036. 5-0 g. of 
the mixed Na,CO,-soluble colouring matters from an ether 
extract of the wet mycelium of this strain were dissolved 
in CHCl, (500 ml.) and chromatographed on MgCO,. The 
column was washed with fresh CHCl, (500 ml.) and then with 
methanol (1 1.) to remove erythroskyrine. The purple band 
from the middle of the column was separated and dried. The 
resulting purple powder was well shaken with CHCl, 
(500 ml.) containing glacial acetic acid (2 ml.), and the 
orange extract was separated by filtration and evaporated 
to dryness. The residual orange-brown material was 
acetylated and purified as already described (Howard & 
Raistrick, 1954, p. 60). The crude acetate (0-1 g.), when 
purified, yielded pale yellow needles (0-02 g.), m.p. 292-294° 
not depressed on admixture with authentic hexaacetyl- 
skyrin, m.p. 295-296° from strain N.R.R.L. 1175. The 
product also exhibited reactions characteristic of hexa- 
acetylskyrin with cold conc. H,SO, and aqueous n-NaOH. 
The yields of crude and pure product are however only 4 and 
2%, respectively, of the yields of crude and pure hexa- 
acetylskyrin from the same weight of dried mycelium of 
strain N.R.R.L. 1175. 


SUMMARY 


1. Three hitherto undescribed mould colouring 
matters, iridoskyrin, rubroskyrin and_ erythro- 
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skyrine, have been isolated from strains of Peni- 
cillium islandicum Sopp. 

2. Iridoskyrin, Cy9>H,,0,9, m.p. 358—360°, crystal- 
lizes as deep red rods or plates which have a green 
iridescence. A hexaacetate and a hexamethyl ether 
are described. 

3. Rubroskyrin, Cj9>H,.0,., crystallizes in dark 
red, rectangular plates, m.p. 289—290° (decomp.). 

4. Treatment of rubroskyrin with concentrated 
sulphuric acid at room temperature results in the 
loss of two molecules of water and the formation of 
iridoskyrin in 82% yield. 

5. Thermal decomposition of rubroskyrin gives, 
in good yield, a mixture of iridoskyrin and the 
previously described mould colouring matters, 
islandicin (1:4:5-trihydroxy - 2-methylanthra- 
quinone) and catenarin (1:4: 5:7 -tetrahydroxy -2- 
methylanthraquinone). 

6. The relationships of iridoskyrin and rubro- 
skyrin to other mould colouring matters are dis- 
cussed. 

7. Erythroskyrine, C,,H,,0O,N, crystallizes in 
dark red micro-needles, m.p. 108-110°. It is a 
highly unsaturated, light-labile substance which 
shows some anti-bacterial activity against Staphy- 
lococcus species. 

8. The distribution of seven crystalline colouring 
matters in ten different strains of P. islandicum has 
been investigated and is described. 


We wish to thank Dr A. E. Oxford, and Mr W. K. Anslow 
for part of the experimental work on erythroskyrine. 
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Previous investigations on the structure of the 
naturally occurring phosphoglycerides were based 
mainly on the results of chemical hydrolysis and 
have been reviewed in the first paper of this series 
(Long & Maguire, 1953a). It was pointed out that 
alkalis first split off the fatty-acid radicals so as to 
allow the formation of unstable cyclic phosphate 
triesters from glycerylphosphorylcholine; these 
then lose choline, whereupon further splitting of the 
diesters leads to the formation of isomeric glycero- 
phosphates. The net effect is a partial migration of 
the phosphate group. However, by comparing the 
proportions of B-, D-«- and L-«-glycerophosphates 
formed on alkaline hydrolysis of naturally occurring 
phosphoglycerides and of synthetic phosphogly- 
cerides of known structure and optical configura- 


of the latter, should yield glycerophosphate, the 
structure of which would directly correspond to 
that of the original phosphoglyceride. 

Macfarlane & Knight (1941) have shown that 
culture filtrates of Clostridium welchii type A con- 
tain an enzyme which splits ovolecithin into a 
diglyceride and phosphorylcholine. In the present 
work we have isolated the diglyceride formed in this 
way and, after catalytic hydrogenation to saturate 
the fatty-acid radicals, have phosphorylated it to 
give the corresponding saturated phosphatidic acid. 
On alkaline hydrolysis the latter has yielded pure 
L-a-glycerophosphoric acid, thus confirming our 
previous conclusion that ovolecithin belongs to the 
L-« series. The sequence of reactions may be repre- 
sented as follows: 


CH,0.COR CH,0.COR 
R’‘CO.0OCH O° ‘ Phospholipase C R’CO. OcH 

CH,0.PO.OCH,.CH,N(CH;), CH,OH 

L-a-Lecithin Diglyceride 

Phosphorylation 
CH,OH CH,0.COR 
HOCH Alkaline hydrolysis R/CO. obs 

du,0 -PO;H, CH,0.PO,H, 

iio L-a-Phosphatidic acid 


tion, it was shown that the naturally occurring 
phosphoglycerides in all probability belong to the 
L-« series. 

It has been established by Baer & Kates (1950a) 
that phosphatidic acids, i.e. phosphoglycerides 
from which the nitrogen-containing component has 
been removed, are hydrolysed by alkali without 
phosphate migration to yield the corresponding 
glycerophosphates. This may be explained by the 
fact that loss of the fatty-acid radicals leads directly 
to glycerophosphate which, once formed, cannot 
yield an intermediate cyclic phosphate diester. It is 
clear therefore that the conversion of a naturally 
occurring phosphoglyceride into the corresponding 
phosphatidic acid, followed by alkaline hydrolysis 

* Present address: Biochemistry Department, Uni- 
versity College, Cork. 


In the course of this work we have also extended 
the substrate-specificity studies of Macfarlane 
(1948a), and have concluded that the presence of 
an unsaturated fatty-acid radical is necessary for 
enzyme action to proceed. 

A preliminary report of this work has already 
been published (Long & Maguire, 1953). 


EXPERIMENTAL 
Materials 
Phosphoglycerides. Ovolecithin was prepared by the 


method of Pangborn (1951). The following samples of 
synthetic phosphoglycerides were also used: dimyristoyl 
L-e-lecithin (Baer & Kates, 19506), dipalmitoyl DL-«- 
lecithin, dimyristoyl pi-«-kephalin and dimyristoyl £- 
kephalin (Malkin & Bevan, 1951). 
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Phospholipase C. A dried preparation of Cl. welchii 
type A «-toxin (Wellcome Research Laboratories) was used 
directly as enzyme. (In accordance with the suggestion of 
Zeller (1951), we refer to this enzyme as a ‘phospholipase’ 
rather than as a ‘lecithinase’.) 


Analytical methods 


Determinations of total N, total P and the isomeric 
glycerophosphates were carried out as previously described 
(Long & Maguire, 1953a). Iodine values were determined 
according to Norris & Buswell (1943) and ‘acetyl’ values by 
the procedure described by Mann & Saunders (1947). 


Hydrolysis by phospholipase C 


The phosphoglyceride (1 mg.) was emulsified with 1 ml. of 
distilled water in a 15 ml. conical centrifuge tube. 0-2m 
Aminotris(hydroxymethyl)methane (2-amino-2-(hydroxy- 
methy])-1:3-propanediol) buffer (Gomori, 1946), pH 7-8 
(0-4 ml.) and 0-2m-CaCl, (0-1 ml.) were added, followed by 
0-5 mg. enzyme in 0-5 ml. water. The reaction mixture was 
incubated at 38° for 4hr., after which 0-1 ml. of 72% 
HClO, was added. The precipitate was filtered off on a 
Whatman no. 5 paper. A 0-3 ml. sample of the filtrate was 
ashed with 0-25 ml. 72% HClO, for 2 hr. at 160° and the 
resulting inorganic orthophosphate estimated. From this 
value the amount of the original phosphoglyceride P con- 
verted into acid-soluble form was calculated. 


Preparation of the diglyceride from ovolecithin 


Ovolecithin (500 mg.), emulsified in 40 ml. of 0-l5m 
aminotris(hydroxymethyl)methane buffer, pH 7-8, and 
made 0-01M with respect to CaCl,, was treated with 50 mg. 
Cl. welchii «-toxin and incubated at 38°. After 12 hr. a 
further 25 mg. of toxin was added and the incubation con- 
tinued for another 24 hr., to ensure complete hydrolysis. 
The diglyceride was isolated from the reaction mixture by 
extraction with two successive 25 ml. portions of diethyl 
ether. The combined ethereal extracts were concentrated by 
evaporation to 3 ml., and 30 ml. of acetone were added to 
precipitate any unchanged ovolecithin. After standing at 
0° for 1 hr., the small flocculent precipitate which had formed 
was filtered off. The filtrate was dried in vacuo yielding 
350 mg. of a yellow oil. 


Catalytic hydrogenation 


Platinum oxide (Adams & Shriner, 1923) was used as 
catalyst. Ovolecithin or diglyceride (200-400 mg.) was 


C. LONG AND M. F. MAGUIRE 


1954 


dissolved in ethanol to give a final concentration of 1% 
(w/v). The solution was vigorously shaken with 10 mg. of 
catalyst in an atmosphere of hydrogen, uptake of gas being 
generally complete after 90min. Any hydrogenated 
material which separated from solution was redissolved by 
addition of 20 ml. ethanol and warming. The hot solution 
was then filtered with suction to remove the platinum black, 
and the filtrate dried in vacuo. 


Phosphorylation of the diglyceride 


The method of Baer (1951), employing diphenylphos- 
phoryl chloride as phosphorylating agent, was used. To 
125 mg. of the dry hydrogenated diglyceride, dissolved in 
1-25 ml. dry pyridine, was added diphenylphosphoryl 
chloride (60 mg.) dissolved in 0-3 ml. dry pyridine. The 
mixture, protected from moisture, was incubated at 38° for 
24hr. The reaction product was then precipitated by 
addition of crushed ice and ice water. After standing at 0° 
for 2hr. it was filtered and the precipitate thoroughly 
washed with ice water. It was purified by dissolving inlight 
petroleum, b.p. 40-60°, filtering the solution and evapor- 
ating to dryness in vacuo. The yield was 50-70%, based on 
the amount: of diglyceride taken. Hydrogenolysis of the 
diphenyl ester in glacial acetic acid (3 ml.) using Adams’s 
catalyst (20 mg.) wascomplete in 1 hr. The free phosphatidic 
acid, which separated from solution during the hydrogeno- 
lysis,was redissolved by addition of CHCI,. The solution was 
then filtered to remove platinum black and the filtrate dried 
in vacuo. The overall yield of phosphatidic acid was usually 
about 50%, based on the diglyceride taken. 


RESULTS 
Substrate specificity of phospholipase C 
In addition to its action on lecithin, phospholipase C 
also slowly splits phosphorylcholine from sphingo- 
myelin; it has no action on glycerylphosphoryl- 
choline, phosphatidylethanolamine, phosphatidyl- 
serine or lysolecithin (Zamecnik, Brewster & Lip- 
mann, 1947; Macfarlane, 1948a). It was therefore 
to be expected that neither of the synthetic kepha- 
lins used in this work would be acted upon by phos- 
pholipase C, while the synthetic lecithins would be 
hydrolysed to an extent depending on whether or 
not the enzyme exhibits an absolute specificity for 
one particular isomer. The experimental results 
shown in Table 1, however, indicate that no enzymic 


Table 1. Action of phospholipase C on phosphoglycerides 


Phosphoglyceride (1 mg.) was incubated at 38° for 4 hr. in 0-04M aminotris(hydroxymethyl)methane buffer, pH 7:8, 
and 0-01m-CaCl, with 0-5 mg. Cl. welchii «-toxin; final vol., 2 ml. The reaction mixture was treated with 0-1 ml. 72% 
HClO, and 0-3 ml. of filtrate was taken for determination of acid-soluble P. The ovolecithin and hydrogenated ovolecithin 
had iodine values of 58 and 1-7, respectively. 


Phosphoglyceride 


Ovolecithin 
Hydrogenated ovolecithin 
Dimyristoy] L-«-lecithin 
Dipalmitoyl pL-«-lecithin 
Dimyristoyl pL-«-kephalin 
Dimyristoyl B-kephalin 


P content of 
phosphoglyceride 


Acid-soluble 

P content of 

HCO, filtrate Hydrolysis 
(ug.) (%) 
37-2 94 

0-76 2 

Nil 
Nil 
Nil 
Nil 


taken 
(ug-) 
39-6 
38-1 
44-5 
41-2 
46-0 
46-0 
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splitting of either of the synthetic lecithins occurred 
under conditions which caused the complete 
hydrolysis of ovolecithin. Although the latter 
reaction was always complete after 2 hr., in routine 
hydrolysis studies the time of incubation was never 
less than 4 hr. 

Since our earlier work (Long & Maguire, 1953a) 
had provided convincing evidence that naturally 
occurring lecithins possess the L-« configuration, 
the inactivity of phospholipase C towards synthetic 
dimyristoyl 1-«-lecithin was unexpected. The 
explanation of this result, however, is suggested by 
the observation, also shown in Table 1, that fully 
hydrogenated lecithin is not acted upon. Hence it 
seems likely that the enzyme requires an unsatur- 
ated fatty-acid radical in its substrate. It was 
therefore of interest to determine the effect of 
phospholipase C on partially hydrogenated samples 
of ovolecithin. These were prepared by interrupting 
the hydrogenation process at different times before 
saturation was complete. The iodine value and the 
extent of hydrolysis by phospholipase C were then 
determined for each sample. While the unsaturated 
natural lecithin was almost completely hydrolysed, 
the hydrogenated samples were only partially so, 
even after prolonged incubation. The results shown 
in Fig. 1 indicate that the extent of hydrolysis 
varies linearly with the iodine value. This supports 
the view that only lecithins containing unsaturated 
fatty-acid radicals can serve as substrates for 
phospholipase C. 


Preparation and alkaline hydrolysis of the 
phosphatidic acid corresponding to ovolecithin 


The yields of diglyceride obtained after incuba- 
tion of ovolecithin with phospholipase C, as de- 
scribed in the Experimental section, were practic- 
ally quantitative. For ease of handling, the oily 
product was catalytically hydrogenated to give 
a white waxy solid, the acetyl value of which was in 
accordance with the presence of one free hydroxyl 
group per molecule. 

In several experiments using diphenylphosphory]l 
chloride as phosphorylating agent, followed by 
catalytic removal of phenyl groups, the final yield 
of purified phosphatidic acid amounted to about 
50%. Analytical values for phosphorus were in the 
range 4-9-5-0 % (calculated for dipalmitoyl phos- 
phatidic acid, P=4-8 %). 

Samples of phosphatidic acid, ovolecithin and 
hydrogenated ovolecithin were hydrolysed by 
heating with N-NaOH for 2hr. at 110° (Baer & 
Kates, 1950a; Long & Maguire, 1953a). The 
glycerophosphate formed was analysed for total, 
« and L-« isomers as previously described (Long & 
Maguire, 1953a). The results shown in Table 2 
demonstrate that on alkaline hydrolysis a typical 
phosphatidic acid sample yielded pure L-«-glycero- 
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Fig. 1. The extent of hydrolysis of partially saturated 
lecithins by phospholipase C, as a function of iodine value. 
The extent of hydrolysis is given by the percentage of the 
lecithin P rendered acid-soluble after prolonged treat- 
ment with Cl. welchii «-toxin. 


Table 2. Composition of the glycerophosphates 
formed on alkaline hydrolysis of phosphatidic acid, 
ovolecithin and hydrogenated ovolecithin 


The material (40 mg.), dissolved in 0-5 ml. ethanol, was 
hydrolysed by heating with 1 ml. N-NaOH for 2 hr. at 110°. 
The glycerophosphates were isolated and analysed for 
total, « and L-« isomers as previously described (Long & 
Maguire, 1953a). A and B are duplicate samples of phos- 
phatidic acid carried through the complete hydrolysis 
procedure. 


Analysis of 
glycerophosphates 
B “ L-2 D-« 
Phosphatidic acid A 0 100 98 2 
Phosphatidic acid B 0 100 96 + 
Ovolecithin 53 47 41 6 
Hydrogenated ovolecithin 55 45 43 2 


phosphate, in contrast to the mixture of 8, D-« and 
L-a isomers formed from the lecithin samples. Since 
no phosphate migration occurs on alkaline hydrolysis 
of a phosphatidic acid (Baer & Kates, 1950a), it 
follows that the latter has the t-« configuration. 
The same must also be true of the original ovo- 
lecithin, since the configuration of the B-carbon 
atom of the glycerol moiety remains unchanged 
during the sequence of reactions which have been 
described. 
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It should be pointed out that this conclusion 
assumes that no Walden inversion occurs at the 
f-carbon atom of the glycerol moiety during alkaline 
hydrolysis. This would scarcely be expected on 
general grounds, but in any case it is excluded by 
the work of Baer & Kates (1950a) who showed that 
when synthetic L-«-phosphatidic acid was hydro- 
lysed by alkali, the product was pure L-«-glycero- 
phosphate and contained no D isomer. 


DISCUSSION 


As a general method for the elucidation of phos- 
phoglyceride structure, the procedure described in 
this paper is of limited application because of the 
high degree of specificity of the enzyme. Only 
lecithins containing unsaturated fatty-acid radicals 
appear to serve as substrates for the phospholipase 
C of Ci. welchii. Other bacterial enzymes which also 
split phosphorylcholine from phosphoglycerides 
have been described (Macfarlane, 19486; Miles & 
Miles, 1950; Lewis & Macfarlane, 1953), but no 
detailed study has yet been made of their substrate 
specificities. 

In view of the low overall yields of L-«-phospha- 
tidic acid (about 50 %) which we have obtained, it is 
necessary to consider whether or not a selective 
phosphorylation of part of the diglyceride, not 
representative of the whole, could have taken place. 
This possibility seems to us to be unlikely for other 
workers (Malkin & Bevan, 1951; Baer, 1951) have 
observed no noticeable differences in the ease of 
phosphorylation of the isomeric diglycerides. Our 
low yields are almost certainly due to the small scale 
on which the work was carried out and the difficulty 
of working under completely anhydrous conditions. 
In view of this, it seems reasonable to conclude that 
this enzymic approach to the elucidation of phos- 
phoglyceride structure has provided unequivocal 
evidence in support of the L-« configuration. 

An alternative and more direct procedure for 
obtaining the phosphatidic acid from a phospho- 
glyceride is by the action of phospholipase D, found 
in cabbage leaves and carrots (Hanahan & Chaikoff, 
1948), spinach (Kates, 1953) and in the latex of 
Hevea brasiliensis (Smith, 1954). This enzyme may 
prove to be less exacting in its substrate require- 
ments and therefore of more general application. 
Work in this field is at present in progress. 
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SUMMARY 


1. Alkaline hydrolysis of the phosphatidic acid, 
prepared from ovolecithin by the action of phos- 
pholipase C and phosphorylation of the resulting 
diglyceride, gave only L-«-glycerophosphate, thus 
confirming the L-« configuration of ovolecithin. 

2. The presence of an unsaturated fatty-acid 
radical in the lecithin substrate seems to be essential 
for the activity of Cl. welchii phospholipase C. 


The authors wish to thank Prof. W. O. Kermack, F.R.S., 
for his interest in this work, and to express their gratitude to 
Dr E. Baer, for a sample of synthetic dimyristoyl L-«- 
lecithin; Dr T. Malkin, for synthetic dimyristoyl DL-z- 
lecithin, dipalmitoyl pt-«-kephalin and dimyristoyl - 
kephalin; and Prof. B. C. J. G. Knight and the Wellcome 
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Glyoxalase and Methylglyoxal in Thiamine-Deficient Rats 


By H. M. SALEM 
Biochemistry Department, Faculty of Agriculture, Cairo University 


(Received 24 July 1953) 


Although it is by no means certain that methyl- 
glyoxal is the natural substrate of glyoxalase, it 
seems reasonable to seek this substance in the animal 
under various conditions of metabolism, in spite of 
the difficulties of detecting it in the presence of 
the highly active glyoxalase. As pointed out by 
Hopkins & Morgan (1945) the absence of satisfactory 
evidence for the occurrence of a substrate for 
glyoxalase in the cells and tissues studied has been 
disappointing to those interested in the enzyme. 
However, many reports suggest that conditions 
permitting the formation of methylglyoxal exist in 
the cells. Thus Pinkus (1898) observed the formation 
of methylglyoxal-bis-phenylhydrazone on treating 
glucose with dilute sodium hydroxide in the presence 
of phenylhydrazine. Neuberg & Kobel (1928) 
reported that methylglyoxal could be isolated from 
the products of the fermentation of hexose diphos- 
phate by extracts of dried bottom yeast in the 
presence of toluene. Ténniessen & Fischer (1926) 
reported that methylglyoxal is formed from hexose 
diphosphate by mixed preparations of pig muscle 
and pancreas. They were unable to obtain methy]l- 
glyoxal when glucose .or glycogen replaced the 
hexose diphosphate. A sifnificant point in this work 
is the use of pancreas which, by the presence of its 
antiglyoxalase, retards the further conversion into 
lactic acid of methylglyoxal produced from hexose 
diphosphate. Ariyama (1928) repeated this work 
using ‘Pancreatin’ as a source of antiglyoxalase. 
The present author (Salem, 1950) confirmed the con- 
version of hexose diphosphate into methylglyoxal in 
liver slices using either pancreatic antiglyoxalase, 
which inhibits glyoxalase itself, or kidney anti- 
glyoxalase which destroys the coenzyme glutathione. 
Evidence was obtained for the enzymic nature of 
the system responsible for this latter reaction. 

Early attempts to introduce methylglyoxal into 
the scheme of carbohydrate metabolism had 
assumed the non-toxicity of this substance. How- 
ever, the demonstration by Stéhr (1932) that it was 
toxic to rats, although if fed at the correct level it 
increased the liver glycogen, and the finding of Kun 
(1950) that it inhibited the succinic oxidase system 
has required revision of this assumption. 

Previous workers have tried to link the effect of 
thiamine with the supposed importance of methyl- 
glyoxal in carbohydrate metabolism. Thus Findlay 
(1921) reported that the livers of pigeons suffering 


from polyneuritis were deficient in glyoxalase, and 
an increase in the glyoxalase content occurred on 
feeding thiamine. However, thiamine did not act as 
a coenzyme for glyoxalase. In 1931 Vogt-Moller 
described thiamine deficiency as methylglyoxal 
intoxication, caused by depriving the tissues of 
glyoxalase. In keeping with this, Geiger & Rosen- 
berg (1933) detected methylglyoxal in the urine of 
polyneuritic dogs and in the urine and cerebro- 
spinal fluid of infants suffering from acute toxic 
dyspepsia, which is thought to be caused by thi- 
amine deficiency. However, Johnson (1936) was 
unable to detect any preformed methylglyoxal in 
the tissues of polyneuritic pigeons. 

Most attempts to demonstrate the formation of 
methylglyoxal under biological conditions were 
carried out before the discovery of glutathione as 
the coenzyme of glyoxalase (Lohmann, 1932), and 
before the recent work on the properties of the 
enzyme and its inhibitors (Crook & Law, 1950, 1952; 
Racker, 1950, 1951; Salem, 1950). This, together 
with the apparent contradiction between the work 
of Johnson (1936) and of Findlay (1921) and Geiger 
& Rosenberg (1933), suggested the desirability of 
further experiments to investigate the possible 
relationship between the glyoxalase system and 
thiamine deficiency. 


MATERIALS AND METHODS 


Rats. Two series of experiments were carried out, one with 
adult males and the other with newly weaned male animals. 
The adults were albinos of 120-150 g. weight, and were 
being used for thiamine assay. The animals were kept 
separately in Hopkins cages with screened floors to exclude 
coprophagy, and urines were collected separately from faeces 
by the use of a separator. The animals were givena synthetic 
diet deficient in thiamine, but complete in all other known 
respects. One or two drops of cod-liver oil were fed daily to 
each rat. 

Marked loss of appetite, rapid loss of weight with signs 
of marasmus, and difficulty in the use of the limbs followed 
by paralysis, were shown by the adults after 4-5 weeks on 
the deficient diet. The newly weaned rats showed the same 
symptoms after 3 weeks. Control animals were kept on a 
normal diet containing thiamine. 

Urines. The urine of each rat was collected separately, 
concentrated by distillation under reduced pressure 
(40-50 mm.), and the pH adjusted to 7. 

Measurement of glyoxalase activity. Glyoxalase activity 
was measured by the method of Hopkins & Morgan (1945). 
using 3mg. of methylglyoxal of 85% purity, 0-2 mg. 
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glutathione, 0-4 ml. of 0-2m-NaHCO, and 0-4 ml. enzyme 
solution in Warburg manometers. 

Estimation of methylglyoxal. This was done by a modifica- 
tion previously employed (Salem, 1950) of Woodward’s 
(1935) enzymic method for the determination of gluta- 
thione. Other methods depend on the reducing power of 
methylglyoxal (Ariyama, 1928) or the precipitation of the 
bis-phenylhydrazone (Vogt-Moller, 1931). The specificity of 
the enzymic method is much higher than these, and was, 
therefore, preferred. A 1:5 (w/v) aqueous extract of ace- 
tone-dried rat liver was purified by the method of Hopkins 
& Morgan (1945) to stage III. The purified enzyme solution 
(0-4 ml.) was used under the same conditions as for the 
determination of glyoxalase, but with varying amounts of 
methylglyoxal. A blank without methylglyoxal was used 
for correcting the experimental values. The total CO, 
produced after completion of the reaction (approx. 10 min.) 
was plotted against the amount of methylglyoxal taken. 
This formed a standard curve which was a straight line over 
most of the range (Fig. 1). From it the methylglyoxal 
content of an unknown solution could be determined by 
measuring the CO, output in the presence of the standard 
enzyme solution. 

Hexose diphosphate. The hexose diphosphate used was the 
sodium salt prepared from the calcium salt by treatment 
with sodium oxalate. 


RESULTS 
Methylglyoxal and thiamine deficiency 


The urine of thiamine-deficient adult rats was 
collected every 2 days after the symptoms of 
deficiency had appeared. After evaporation under 
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Fig. 1. Curve relating CO, evolved in 10 min. to amount of 
methylglyoxal in the presence of reduced glutathione and 
glyoxalase. 
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reduced pressure, 1 ml. of the concentrate was 
assayed for methylglyoxal using liver glyoxalase. 
Controls were run containing 3mg. of methyl- 
glyoxal and also a blank without urine or methyl- 
glyoxal. The experiments were carried on for 
20 min. and the volume of CO, evolved is shown in 
Table 1. 

The experiments were repeated on male newly 
weaned rats in which the symptoms of thiamine 
deficiency were shown earlier than in adults. Table 1 
shows that the CO,-evolving material was present in 
the urine of these thiamine-deficient rats to about 
the same extent as in that of the adults. Both sets of 
experiments showed that no CO, is evolved from the 
urine of normal animals in the presence of gly- 
oxalase. 

A group of thiamine-deficient animals were given 
orally 0-3 mg. of thiamine hydrochloride each day 
and their diet was changed to a normal diet. After 
a week these animals recovered completely and 
began to gain weight. The urine of these recovered 
rats was tested for methylglyoxal as before. Table 1 
shows that the CO,-evolving material in the urine 
had now disappeared. 


Glyoxalase and thiamine deficiency 


Glyoxalase was extracted from the livers of normal 
and thiamine-deficient animals by grinding with 
sand in a mortar and extracting with 5 parts of 
water. The extraction was carried on with occasional 
stirring for 30min. at room temperature. The 
mixture was centrifuged, and the supernatant liquid 
withdrawn and preserved in the refrigerator. Both 
methylglyoxal and phenylglyoxal were used as 
substrates, conditions otherwise being those shown 
in the methods section. The results are shown in 
Fig. 2, from which it is seen that glyoxalase activity 
on both substrates is very low in liver extracts from 
rats on diets deficient in thiamine, compared with 
those from normal livers. These experiments were 


Table 1. Methylglyoxal content of the urine of normal 
and thiamine-deficient male rats as estimated by the 
evolution of CO, from bicarbonate on the addition of 
glyoxalase + glutathione 


Values are for 24 hr. output 


No. of 
pl. CO,/ animals 
Source of urine 20 min.* used 
Thiamine-deficient weaned 88+6 4 
young rats 
Thiamine-deficient adults 132+3 5 
Deficient adults after 8+1 3 
treatment with thiamine 
Normal adults 6 —_ 


Blank value (no urine added) 6 = 


* Mean value obtained from several replicate determina- 
tions on each sample of urine. Under the same conditions 
3 mg. of methylglyoxal (85% purity) yielded 359+ 12 yl. 
CO,. 
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repeated many times with similar results. A group 
of thiamine-deficient rats were given thiamine 
orally as before, and the livers subsequently assayed 
for glyoxalase. Fig. 2 shows that the glyoxalase 
activity of the recovered rats had completely re- 
gained the normal level. 


Methylglyoxal formation in thiamine-deficient livers 


The production of methylglyoxal from hexose 
diphosphate was investigated in liver suspensions 
from normal animals, from animals deficient in 
thiamine, and from rats which had been deficient in 
thiamine, but which had recovered after receiving 
thiamine in the diet. Controls were also done with 
normal animals in which kidney antiglyoxalase was 
used to inhibit the glyoxalase, as described by 
Ariyama (1928). 


CO, evolution (yl.) 





0 5 10 15 20 25 
Minutes 


Fig. 2. Glyoxalase activity of rat liver. Liver of normal 
animal with methylglyoxal added (A) and with phenyl- 
glyoxal (B). Liver of animal recovered from thiamine 
deficiency with methylglyoxal added (C) and with 
phenylglyoxal (D). Liver of thiamine-deficient animal 
with methylglyoxal added (Z) and with phenylglyoxal 
(F). Conditions as in methods section. 
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The liver preparation was made by grinding the tissue 
finely in a mortar. The material was suspended in 1 ml. of 
borate:boric acid buffer, pH 7, hexose diphosphate was 
added with toluene as an antiseptic, and incubated at 37° 
for 24 hr. At the end of this time the proteins were pre- 
cipitated by the addition of 0-5 ml. of 10% (w/v) sulpho- 
salicylic acid and were centrifuged off. The supernatant fluid 
was adjusted to pH 7-0 with NaOH and the volume adjusted 
to 4ml. 1 ml. samples were taken for the estimation of 
methylglyoxal. 


The results are shown in Table 2, from which it 
can be seen that methylglyoxal is produced by 
suspensions of livers from  thiamine-deficient 
animals and by suspensions of normal livers in which 
the glyoxalase activity has been inhibited, but not 
by livers of normal rats or of animals which have 
recovered from thiamine deficiency. The blanks 
show .that no methylglyoxal is formed in the 
absence of hexose diphosphate. 


DISCUSSION 


The work reported here confirms the earlier obser- 
vations of Findlay (1921) and of Geiger & Rosenberg 
(1933) that animals deprived of thiamine excrete 
methylglyoxal in the urine. These earlier workers 
depended upon the isolation of the phenylosazone of 
methylglyoxal, whereas here the specific enzyme 
has been employed. This has been possible because 
of the absence both of the enzyme and its substrate 
from normal urine, as first noted by Dakin & 
Dudley (1913). 

The appearance of methylglyoxal in the urine 
during thiamine deficiency appears to be due to the 
lack of glyoxalase activity in the liver. This enzyme 
normally ensures the conversion of methylglyoxal 
into lactic acid. The lack of glyoxalase in the liver 
and the excretion of methylglyoxal in the urine 
appear to be a direct result of the thiamine de- 
ficiency, since restoration of this substance to the 
diet immediately restores the glyoxalase activity of 
the liver and abolishes the excretion of methyl- 
glyoxal. 


Table 2. Production of methylglyoxal from hexose diphosphate 


The reaction mixtures contained 0-5 g. liver pulp, 1-0 ml. borate buffer, pH 7-0, 2-0 ml. 0-5% hexose diphosphate and 
0-1 ml. toluene. In B, 0-5 ml. of 1:5 fresh kidney extract was present. In other flasks this was replaced by 0-5 ml. water. 


Flask Z contained no hexose diphosphate. Incubation at 37° 


for 24 hr. 


Methylglyoxal (mg.) 





_ 
D 
A B Recovered 
Thiamine- Normal + Cc from thiamine E 
Expt. deficient antiglyoxalase Normal deficiency Blank 
1 1-48 1-60 0-11 0-16 0 
2 1-40 1-60 0-06 0-06 0 
3 1-24 1-38 0-09 0-09 0 
4 1-64 1-52 0-12 0-07 0 
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It is not clear whether the lack of glyoxalase 
activity in the livers of thiamine-deficient rats is due 
to the disappearance of one or both of the two com- 
ponents of the enzyme (cf. Crook & Law, 1952), or 
whether it is due to lack of the coenzyme, reduced 
glutathione. Experiments are in progress to clarify 
this point. 

Since thiamine deficiency causes a derangement 
of carbohydrate metabolism at the level of pyruvate 
oxidation, and at the same time causes methy]l- 
glyoxal to be excreted, it might be expected that 
methylglyoxal would be formed from carbohydrate 
intermediates earlier in the series than pyruvate. 
Some indication that this may be so comes from the 
demonstration that hexose diphosphate can give 
rise to methylglyoxal in the livers of thiamine- 
deficient rats. That the demonstrable formation of 
methylglyoxal is due to the absence of glyoxalase 
activity and not to some other derangement of 
carbohydrate metabolism is shown by the fact that 
normal livers also produce methylglyoxal from 
hexose diphosphate when their glyoxalase is 
inhibited by removing its coenzyme. This would 
suggest that methylglyoxal formation normally 
occurs in liver and that it is not usually detected 
because of its further conversion into lactic acid, 
a view held some years ago but since abandoned. 

The abandonment of this concept was due to two 
chief causes: first, the outstanding importance of 
the phosphorylated intermediates between hexose 
diphosphate and pyruvate; and secondly, the claim 
that the lactic acid produced by glyoxalase was of 
the wrong optical configuration (Lohmann, 1932; 
Levene & Meyer, 1913). However, when the pub- 
lished figures are examined it will be found that, 
except in the case of Lactobacillus arabinosis where 
a fairly pure D-lactic acid is formed, the most that 
has been demonstrated is that glyoxalase produces 
a mixture of the two optical isomers in which the D 
form predominates. Moreover, the lactic acid in 
these experiments has invariably been isolated as its 
zine salt which Purdie & Walker (1892) have shown 
to lead to partial resolution. In addition, Cori & 
Cori (1928) and Craig (1946) have shown with rats 
and dogs, respectively, that, although the L form is 
preferentially utilized, the p form is quite rapidly 
assimilated. 

Thus it would seem feasible to reintroduce methyl- 
glyoxal into the general scheme of carbohydrate 
metabolism, if only as a minor side branch. Methyl- 
glyoxal is a toxic substance (Stohr, 1932; Kun, 
1950), and the role of glyoxalase may be merely 
that of detoxication. The wide distribution of the 
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enzyme in all types of tissue from species of all 
phyla is in keeping with a role of this kind. As 
Vogt-Moller (1931) has pointed out, the symptoms 
of thiamine deficiency may well be those of methy]l- 
glyoxal intoxication. However, this remains to be 
established, although the present findings are not 
incompatible with such a concept. 


SUMMARY 


1. Methylglyoxal is present in the urine of 
thiamine-deficient rats. 

2. Restoration of thiamine to the diet causes the 
disappearance of the methylglyoxal from the urine. 

3. The glyoxalase activity of the livers of 
thiamine-deficient rats is much lower than that of 
normal animals, and is restored to normal by 
including thiamine in the diet. 

4. Methylglyoxal is produced by liver suspen- 
sions from thiamine-deficient rats when hexose 
diphosphate is added. Methylglyoxal does not 
accumulate in normal liver suspensions because of 
the presence of glyoxalase in the latter. 


The author wishes to express his indebtedness to Prof. 8. 
El Reedy, Biochemistry Department, Cairo, for providing 
rats and synthetic diets and for his continued encourage- 
ment and helpfulness during the carrying out of this work. 
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The Lipoprotein Particles in Cow’s Milk 
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(Received 27 July 1953) 


Normal cow’s milk has long been recognized to 
contain at least three types of particles, namely: 
‘foreign’ material, such as udder cells, leucocytes 
and bacteria; fat globules, which vary considerably 
in size; and colloidal particles of the casein complex. 
Although the physical and chemical properties of 
casein have been the subject of much investigation 
(see Sutermeister & Browne, 1939; McMeekin & 
Polis, 1949) there have been no previous studies of 
the relationship of the particulate protein com- 
plexes to the enzymic activities of milk. Preliminary 
studies on the purification of alkaline phosphatase 
of milk, however, indicated that this enzyme did not 
occur in true solution but was entirely associated 
with a particulate component of a lipoprotein 
nature, which had not previously been recognized in 
milk (Morton, 1953a). 

In order to characterize this component further it 
has been separated from the more abundant casein 
complex using a procedure expected to produce only 
a minimum of denaturation or other modification. 
The procedure is described in this paper. The 
chemical and enzymic properties of the lipoprotein 
particles have been compared with those of casein 
particles isolated at the same time and both com- 
plexes have been examined using the electron 
microscope. Some aspects of this work have been 
reported (Morton, 19535). 


MATERIALS AND METHODS 


Enzyme substrates 


B-Glycerophosphate (sodium salt) was a commercial pre- 
paration (British Drug Houses Ltd.). 

Hypoxanthine was a pure preparation, kindly supplied by 
Dr M. Dixon, F.R.S. 

Diphosphopyridine nucleotide (DPN) of 30% purity, as 
determined by reduction using crystalline aleohol dehydro- 
genase, was kindly supplied by Mr E. J. Morgan. It was re- 
duced enzymically using crystalline alcohol dehydrogenase 
prepared from yeast according to Racker (1950). 

Cytochrome c was prepared from horse heart by Mr E. J. 
Morgan, using the procedure of Keilin & Hartree (1945). 


Solvents 


Solvents were purified by distillation, either over NaOH 
(butanol) or over sodium (diethyl ether). 


* Present address: Department of Biochemistry, Uni- 
versity of Melbourne, Australia. 


Determination of enzymic activities 


Alkaline phosphatase. This was estimated from the rate of 
hydrolysis of B-glycerophosphate (sodium salt) essentially as 
described previously (Morton, 1953). 

Dehydrogenases. Activities were determined by measuring 
the rate of reduction of 2:6-dichlorophenol indophenol at 
600 my., using a Beckman Spectrophotometer (model DU). 
Measurements were made in 1 cm. cuvettes at room temp. 
(approx. 18°) in potassium phosphate buffer (pH 7-3; final 
concentration 0-075). The final volume in each cuvette was 
3-0 ml. and the final concentration of dye was 6 x 10-° m. 
The concentrations of substrates for the various activities 
were: for xanthine oxidase, hypoxanthine, 0-0033m; for 
diaphorase, reduced DPN, 1-35 x 10-*m; for succinic de- 
hydrogenase, sodium succinate, 0-065 M. 

DPN-cytochrome ¢ reductase. The rate of reduction of 
cytochrome c at 550 my. was measured essentially as 
described by Slater (1950). Final concentrations of re- 
actants were: potassium phosphate buffer (pH 7-3), 
0-075M; reduced DPN, 1-35 x 10-4m; oxidized cytochrome 
c, 5x10 M. 

Chemical methods 


Dry weight was determined after drying from the frozen 
state over P,O, for 48 hr. in vacuo at room temp. (approx. 
18°). 

Nitrogen was determined by a colorimetric Kjeldahl pro- 
cedure using Nessler reagent (Johnson, 1941). 

Total lipid and phospholipid. A portion (10-50 mg.) of the 
dried material was suspended in 5 ml. of butanol, held 15 min. 
at room temp. (approx. 18°) and centrifuged. The super- 
natant butanol was carefully removed. The procedure was 
repeated twice, and the precipitate washed twice with two 
5 ml. portions of diethyl ether. Total lipid was estimated by 
the loss in dry weight. The combined solvents (butanol and 
ether) were removed by vacuum distillation (at 60-65°), the 
residue dissolved in ether, and a suitable portion used for 
determination of phosphorus by the method of Fiske & 
Subbarow (1925). 

Nucleic acid. ‘ Acid-soluble phosphates’ were removed by 
extracting the lipid-free material with 0-5N-HCIO, at 0° for 
4hr. Nucleic acids were then removed by two extractions 
with 5 ml. n-HCIO, at 80° for 15 min. The combined extracts 
were adjusted to pH 7-2 with 5n-KOH; the insoluble 
potassium perchlorate was removed by centrifuging, the 
precipitate washed once and the supernatant and washings 
were combined. The absorption curve at wavelengths 
between 255 and 270 my. was determined using a Beckman 
Spectrophotometer with a 1 cm. light path. The maximum 
reading (at 262 my.) was converted to nucleic acid P using 
a molecular extinction coefficient (based on ribonucleic acid 
P) of 10800 (Ogur & Rosen, 1950). It was assumed that 
the absorption at 262 mu. was entirely due to ribonucleic 
acid. 


EXPERIMENTS AND RESULTS 


Preparation of the particulate components 
of normal whole milk 


Preliminary studies had indicated the considerable 
difficulty in separating the lipoprotein particles 
carrying the alkaline phosphatase activity from the 
casein particles (Morton, 1953a). In order to 
separate the two types of particles with a minimum 
of denaturation, advantage was taken of the 
tendency of the milk-fat globules to adsorb lipo- 
protein particles. 

Milk was obtained in February 1952 from a com- 
mercial herd of about twenty Jersey cows, most of 
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which were nearing completion of their lactation 
periods. The sample was drawn from the tank of 
mixed morning milk within 2 hr. of commencement 
of milking, cooled to about 15° and transported to 
the laboratory immediately. 

The details of the further treatment are shown in 
the diagram below. 

By this procedure both separated milk and butter- 
milk were fractionated into two precipitates and 
a final supernatant, discarding a fatty layer on each 
occasion. Portions of each fraction were removed 
for enzymic tests and electron micrograph studies, 
and the remainder was dried from the frozen state 
over P,O; in vacuo at room temperature (approx, 18°) 
and used for chemical analyses. 


Whole milk 
(800 ml.) 


Heated to 30° and 
centrifuged (2500 g) 
45 min. 


(niente Seana 


Cream 


Washed twice by dispersing 
in 350 ml. distilled water 
and centrifuging (25°, 2500 g, 


45 min.) 


Washed cream 
(50 ml.) 


Cooled to 10° and 
churned by shaking 


(14 min.) 
Butter Buttermilk and washings 
(discarded) (60 ml.) 


| 
Separated milk 
(740 ml.) 


Dialysed (cellophan 


tubing) against 
distilled water 
(4 hr.). Centrifuged 


Treated 50 ml. 
as shown for 
buttermilk 


(2°, 14000 g, 45 min.) 


Precipitate A, 
(microsomes) 


Washed by dispersing in 
20 ml. distilled water 
and centrifuging (2°, 
14 000 g, 2-5 hr.). 

Ppt. suspended in 
distilled water (5 ml.). 


Yield, 31 mg. 





Precipitate A, 
(microsomes) 
Washed as for A, 
and suspended in 
distilled water 
(5 ml.). 


Yield, 42 mg. 


Supernatant 


(Small fat layer 
discarded.) 
Centrifuged (2°, 
14 000 g, 2 hr.) 


Supernatant A, 
Yield, 127 mg. 


Precipitate B, Supernatant 


(casein) 





(Small fat layer 
discarded.) 
Centrifuged (2°, 
14000 g, 2 hr.) 


Washed as shown 
for A, and sus- 
pended in distilled 
water (10 ml.). 


Yield, 410 mg. 








Supernatant B, 
Yield, 965 mg. 





Precipitate B, 
(casein) 


Washed as shown 
for A,, and 
suspended in 
distilled water 
(10 ml.). 2 


Yield, 310 mg. 













\ 
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Comparative study of properties of the 
particulate components 


A comparison of the properties of the two pre- 
cipitates from the different milk fractions (butter- 
milk and separated milk) clearly indicates the 
difference between the two types of particles. 

When well-packed, the precipitates (B, and B,) 
from the separated milk formed a clear, translucent 
pellet, faintly blue in colour. They readily dispersed 
in water to form stable, opaque-white suspensions. 
In contrast, both precipitates from buttermilk 
(A, and A,) were opaque and orange-pink in colour. 
In distilled water they formed stable, brown 
suspensions. 

A thick smear of each of the various precipitates 
was examined with a microspectroscope. Quite 
strong bands were seen at approx. 552 and 525 my. 
in both the precipitates A, and A,, but no bands 
could be seen in either of the other precipitates, 
even when they were reduced with Na,S,0,. There 
was no discernible increase in intensity of the bands 
of the precipitates A, and A, when Na,S,O, was 
added. These bands are attributed to the presence of 
cytochrome c in precipitates A, and A,, although 
there is a slight discrepancy between the observed 
wavelengths and those of the a«- and f-bands of 
reduced cytochrome c (550 and 521 my.). 

Chemical analyses. The yields of each of the 
fractions obtained from the milk are shown in the 
diagram of the separation procedure. The results of 
the chemical analyses are given in Table 1. It may 
be seen that the particles from the buttermilk 
contained relatively large amounts of lipid, protein 
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and nucleic acid, and are therefore referred to as 
lipoprotein particles in the following sections. 

Enzymic properties. The alkaline phosphatase, 
diaphorase, DPN-cytochrome c reductase, xanthine 
oxidase (determined by dehydrogenase activity) 
and succinic dehydrogenase activities were esti- 
mated for each fraction. 

Although all fractions were turbid, it was found 
that consistent results could be obtained by 
measurement of dehydrogenase and reductase 
activities spectrophotometrically, since the sus- 
pensions were quite stable. Readings were made 
after thorough mixing of the contents of the 
cuvettes by using thin polythene rods to avoid 
damage to the optical faces. The reactions were 
started by the addition of substrates. Substrates 
were omitted from the blank cuvettes. 

Since the lipoprotein particles possessed DPN- 
cytochrome ¢ reductase activity but no succinic 
dehydrogenase activity, it was of interest to de- 
termine whether cytochrome oxidase was present. 
This seemed unlikely since the cytochrome c in the 
freshly isolated particles appeared to be fully 
reduced. Addition of potassium cyanide (final 
concentration 0-001M) to the cuvettes caused no 
change in the rate of reduction of added cytochromec 
by the buttermilk fractions (A, and A,). Further- 
more, qualitative tests for cytochrome oxidase 
using Nadi reagent with catalytic amounts of added 
cytochrome c were completely negative. It was 
therefore concluded that no cytochrome oxidase 
activity was present in any of the precipitates. 

The enzymic activities of the various fractions are 
shown in Table 2. 


Table 1. Chemical analyses on milk fractions 








% dry wt. 
¢ ~Y 
Fractions from buttermilk Fractions from separated milk 
c - Ph See eS 
A, A; A; B, B; B; 
Total lipid 22-1 16-8 _— 3-5 5-7 _ 
Lipid P 0-77 0-62 _ 0-11 0-26 — 
Total N 9-7 11-2 14-2 13-7 11-9 15-8 
Nucleic acid P 1-18 0-95 — -- _- — 
Table 2. Enzymic activities of milk fractions 


Units of activity as specified for each enzyme 
AL 





£ 


Fractions from buttermilk 


2 
Fractions from separated milk 


———— a 
A; Ag A; B, B, B; 
Alkaline phosphatase* 57-2 36-8 8-7 0-6 3-1 1-2 
Xanthine oxidasef 37-7 23-4 5:3 0 0-2 0 
Diaphoraset 2-5 2-4 1-2 0 0-1 0 
DPN-cytochrome c reductasef 0-1 0-1 0 0 0 0 
Succinie dehydrogenaset 0 0 0 0 0 0 


* umoles P liberated/hr./mg. N from B-glycerophosphate (at 37°). 
+ pmoles 2:6-dichlorophenol indophenol reduced/hr./mg. N (at 18°). 
t pmoles of cytochrome c reduced/hr./mg. N (at 18°). 
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Size and structure. A number of dilutions in 
distilled water from each of the precipitates (A,, 
A, and B,, B,) and supernatants (A, and B;) were 
prepared and used directly for dried preparations on 
nitrocellulose supporting films. The preparations 
were dried in vacuo, shadowed with gold-palladium 
(angle approx. 20°), and then examined in a Siemens 
electron microscope, using a high-tension voltage 
of 70 kv. 

Pl. 1, fig. 1, shows an electron micrograph of a 
typical field of the particles from separated milk 
(precipitate B,). Such casein particles frequently 
exhibited packing in regular clumps, and this 
appeared to be a distinctive feature. 

A typical field of lipoprotein particles obtained 
from the buttermilk (precipitate A,) is shown in 
Pl. 1, fig. 2. On comparison with the casein particles 
(Pl. 1, fig. 1), it is seen that the lipoprotein particles 
appear somewhat flattened, more variable in size 
and shape, and much less dense. They frequently 
showed aggregation into indefinite clumps. 

It will be seen from PI. 1, figs. 1 and 2, that many 
of the particles of both the casein and lipoprotein 
complexes are of similar size range (approx. 200 mu. 
to about 30myz.). Both types, however, were 
observed to have a distribution in size extending 
beyond the limits of resolution with the equipment 
available (less than 30 my. diameter). 

Pl. 1, fig. 3, shows an electron micrograph of 
the supernatant (A,) remaining after centrifuging 
buttermilk. Apparently some of the smaller fat 
globules still remained in this supernatant. In the 
upper centre portion of the plate is seen an intact fat 
globule, of about 700 mz. diameter, with a protein 
membrane on to which lipoprotein particles are 
apparently adsorbed. A ‘crater’ which has been 
formed by collapse of a fat globule is seen particu- 
larly well towards the left-hand edge of this plate. 


DISCUSSION 


In order to characterize further the lipoprotein 
complex which was identified in milk during puri- 
fication of the alkaline phosphatase (Morton, 1953a), 
it was considered desirable to isolate the complex by 
using methods expected to cause only a minimum of 
modification. This was achieved by: (1) concentra- 
tion of the lipoprotein particles in the cream layer; 
(2) selective removal of casein by washing of the fat 
globules, which adsorb the lipoprotein particles 
more strongly than casein (cf. Hansson, Solberg & 
Sjéstrém, 1946); (3) release of the lipoprotein 
particles into the serum (buttermilk) on phase- 
inversion from cream to butter; (4) sedimentation 
by high-speed centrifuging. 

The same procedure gave separated milk en- 
riched in casein and depleted of lipoprotein. High- 
speed centrifuging permitted some further fraction- 
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ation of the two types of particles, since some of the 
larger casein particles are sedimented from separ- 
ated milk before the lipoprotein particles (see 
Morton, 1953a). 

In this way two types of precipitates were ob- 
tained from whole milk—precipitates A, and A, 
from buttermilk, and B, and B, from the residual, 
separated milk. The differences between the two 
types of precipitates in appearance and colour, and 
in chemical, physical and enzymic properties 
establishes that normal cow’s milk contains at least 
two different readily sedimentable, protein-con- 
taining complexes. The properties of the precipitates 
from the separated milk (B, and B,) correspond 
closely with those of the well-known casein com- 
plex; the properties of the precipitates from the 
buttermilk (A, and A,) with those of the lipoprotein 
complex previously obtained by chemical fraction- 
ation of milk (Morton, 1953a). 


The casein complex 


The electron micrograph (PI. 1, fig. 1) shows that 
the casein complex (which represents about 85 % of 
the total protein of cow’s milk) occurs as discrete 
particles, which are almost certainly spherical. 
Some flattening probably occurs during the drying 
of the specimens. The field is representative only of 
those particles which could be sedimented from the 
separated milk at the centrifugal force available 
(14 000g) and therefore shows only the larger 
casein particles. Furthermore, within the fields 
examined there were many particles which could 
not be properly resolved with the equipment 
available. By inspection it appears that the size 
range of the casein particles extends from a maxi- 
mum of 200 my. diameter to less than 30 my. This is 
in agreement with earlier estimates by a number of 
workers based on other physical methods (see 
Eilers, Saal & van der Waarden, 1947), and with the 
direct measurements by Nitschmann (1949) from 
electron micrographs of diluted milks. There 
appears to be a limited number of particle sizes (cf. 
Ford & Ramsdell, 1949) and the majority probably 
fall in the size range 67-80 muyz., as found by 
Nitschmann (1949). 

Recently, Heyndrickx & de Vleeschauwer (1952), 
by electrophoresis of sera obtained by centrifuging 
milk, recognized three protein components (desig- 
nated as B, C and G@) with the sedimentation 
characteristics of casein. The B and G components 
were considered by these workers to be identical 
with «- and B-casein, respectively, but the nature of 
the C component was not discussed. 

These workers found that the C component com- 
prised 7-9% of the total protein of normal milk, 
but that there was more in colostrum whereas there 
was less of components B and G. On centrifuging, 
component C sedimented more slowly than either 
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B or G. These characteristics are very similar to 
those of the enzymically active lipoprotein complex. 
This complex comprises about 5 % of the total milk 
protein by weight (see below). The alkaline phos- 
phatase (and hence the lipoprotein) is higher in 
colostrum than in normal milk (Folley & Kay, 
1936). Moreover, the lipoprotein settles from 
separated milk more slowly than casein (Morton, 
1953a). Hence it seems quite possible that com- 
ponent C of Heyndrickx & de Vleeschauwer is not 
a casein protein but the lipoprotein complex which, 
as shown below, consists of microsomal particles. 


The lipoprotein complex 


The analyses in Tables 1 and 2 show the differences 
between the two particulate protein complexes in 
milk. Comparison of the electron micrographs 
(PI. 1, figs. 1 and 2) also reveals differences, although 
the particles of the two complexes are of a similar 
size range (maximum 200 mu. to less than 30 my.). 

Submicroscopic lipoprotein particles obtained 
from dispersions of animal tissues have been called 
‘microsomes’. The microsomes from mouse liver 
(Chantrenne, 1947; Barnum & Huseby, 1948) and 
mouse mammary gland (Barnum & Huseby, 1950) 
have a high phospholipid and nucleic acid content. 
Liver microsomes have an active DPN-cytochrome 
c reductase (Hogeboom, 1949) but lack succinic 
dehydrogenase and cytochrome oxidase (Hoge- 
boom, Schneider & Pallade, 1948). According to 
conditions used for isolation, they may contain 
cytochrome c (see Schneider & Hogeboom, 1951). 
Moreover, the cytoplasmic alkaline phosphatase of 
rabbit (and guinea pig) kidney and intestine (Hers, 
Berthet, Berthet & de Duve, 1951) and of calf 
intestinal mucosa and cow mammary gland 
(Morton, 1954) is almost completely associated 
with the microsome fraction. Since the milk lipo- 
protein particles show essentially similar chemical 
and enzymic properties to the cytoplasmic micro- 
somes, they will be called ‘milk microsomes’. 

Since the alkaline phosphatase of milk is almost 
completely associated with the lipoprotein particles 
(Morton, 1953a), the distribution of this enzyme 
indicates the distribution of the microsomes among 
milk fractions. About 20% of milk alkaline phos- 
phatase is recovered in buttermilk, but a loss of 
about 50% would occur in washing the cream to 
remove casein particles (see Morton, 1953a). If the 
recovery of microsomes from the buttermilk in 
fractions A, and A, (total, 73 mg.) is assumed to be 
about 50%, then these lipoprotein particles would 
appear to comprise about 5 % by weight of the total 
protein of the milk. 

The nature of the red pigment of the milk micro- 
somes has not been established. Although liver 
microsomes are a similar orange-pink colour 
(Chantrenne, 1947) the main pigment appears to be 
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a haemochromogen which shows bands at 557 and 
527 my. when in the reduced state (Strittmatter 
& Ball, 1952). No haemochromogen other than 
cytochrome ¢ was observed in the milk microsomes 
but the concentration of this cytochrome was 
probably too low to account for the colour of the 
particles. It seems probable that the red pigment 
of milk microsomes is related to the red protein 
obtained during purification of alkaline phos- 
phatase from buttermilk (Morton, 1950, 1953c). 


Xanthine oxidase activity of milk microsomes 

Xanthine oxidase has not previously been demon- 
strated as associated with microsomal fractions and 
therefore the considerable activity of the milk 
microsomes is noteworthy. While the quantitative 
distribution of this flavoprotein has not been 
studied, it is most unlikely that the high activity of 
the microsomes was due to adsorption of the enzyme 
from true solution, or indeed, that any xanthine 
oxidase occurs in true solution in milk. The casein 
particles, which would present a very much greater 
adsorbing surface, contained virtually no xanthine 
oxidase. Dixon & Thurlow (1924) observed that the 
enzyme could be precipitated with the casein 
fraction and partly extracted from this after treat- 
ment of the dried protein with diethyl ether to 
remove lipid material. They also showed that the 
enzyme could be adsorbed from milk on to a variety 
of materials, but difficulty was experienced in 
eluting the adsorbed enzyme, a finding confirmed 
by Dixon & Kodama (1926). This behaviour 
corresponds closely with that found for the particle- 
bound alkaline phosphatase (Morton, 1953a). 
Moreover, milk xanthine oxidase may be concen- 
trated in the cream fraction and brought. into 
solution by digestion with pancreatic lipase or 
crude trypsin (Ball, 1939; Horecker & Heppel, 
1949) similarly to alkaline phosphatase (Zittle & 
Della Monica, 1950, 1952; Morton, 1953a). Further- 
more, it may be seen from inspection of Table 2 that 
the ratio of the xanthine oxidase activities for 
fractions A,, A, and A, (7:4:1) is similar to that of 
the alkaline phosphatase activities (7:4:1). It may 
be concluded, therefore, that milk xanthine oxidase 
is wholly bound to the microsomes and it is quite 
possible that both xanthine oxidase and alkaline 
phosphatase are attached to the one particle. 

It is possible to calculate the relative amounts of 
xanthine oxidase and alkaline phosphatase protein 
associated with milk microsomes. Ball (1939) states 
that whole milk contains about 160 mg. xanthine 
oxidase/l. This figure should be adjusted to about 
60 mg./l., allowing for the much higher activity of 
the enzyme as obtained by Horecker & Heppel 
(1949). Pure milk phosphatase has a specific 
activity of 15300 units (ug. P liberated/min.)/mg.N 
(Morton, 1953c) and whole milk contains about 
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14 x 10° 


15300 * 
or approx. 6 mg. alkaline phosphatase protein/I. 
Hence there is about ten times more xanthine 
oxidase protein than alkaline phosphatase (by 
weight) in milk and if both enzymes are associated 
with the same microsomes, this would also be the 
relative amounts of the two proteins in these 
particles. 


14 units/ml., so that normal milk has 6-25 


Origin of the milk microsomes 

Folley & White (1936) and Folley & Kay (1936) 
have shown that milk alkaline phosphatase is 
derived from the mammary gland rather than from 
the blood serum, while the purified milk enzyme is 
now known to be the same as that from the mam- 
mary gland (Morton, 1952). Microsomes isolated 
from the mammary gland of the cow have similar 
enzymic activities to those obtained from the milk 
(Morton, 1954). Moreover, cytoplasmic enzymes 
such as catalase and peroxidase occur in true 
solution in milk, together with certain phos- 
phorylated intermediates of cell metabolism 
(Graham & Kay, 1933; Chanda, McNaught & 
Owen, 1952; McGeown & Malpress, 1952). Hence 
it may be concluded that the microsomes of milk are 
derived directly from the secretory cells of the 
mammary gland. 

The escape of some of the cytoplasmic components 
of the secretory cells is not surprising. The process of 
secretion involves (1) synthesis of the milk consti- 
tuents in the functioning cells of the alveoli, and 
(2) ejection of the synthesized products into the 
alveolar lumen. It has not as yet been established 
whether the basal membrane of the secretory cells 
ruptures to release the milk and is reformed before 
the next secretory cycle, or whether the membrane is 
sufficiently permeable to offer little resistance to the 
passage of milk (Espe, 1946; Richardson, 1947). 
Whilst the release of microsomes might be con- 
sidered as evidence in favour of the former mech- 
anism, even if the latter hypothesis were correct the 
passage of particulate components such as casein 
across the cell membrane would almost certainly be 
accompanied by some loss of cytoplasmic material. 

In view of this evidence that cytoplasmic com- 
ponents escape into the milk, it is particularly 
interesting that no succinic dehydrogenase or cyto- 
chrome oxidase was found in any of the milk 
fractions examined. This suggests that the mito- 
chondria, with which these enzymes are so inti- 
mately associated, do not escape on ejection of the 
milk. This may be due to a spatial separation of the 
microsomes and mitochondria within the cyto- 
plasm, or to a differential permeability of the upper 
membrane of the secretory cells. If the upper cell 
membrane is not ruptured, it may well be able to 
retain relatively large mitochondria while, at the 
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same time, some of the microsomes escape together 
with the casein particles of similar size range. The 
ejection of the large fat globules, of course, probably 
involves a different mechanism from that applying 
to the particulate protein complexes. 


Association of microsomes with the milk-fat membrane 


A small fat globule which has fortuitously re- 
mained intact during drying of the preparation for 
examination in the electron microscope isseen in PI. 1, 
fig. 3. Most of the fat globules, however, collapsed 
during the drying process and are seen as ‘craters’ 
with raised edges. It would appear from this photo- 
graph that the fat globule in milk is surrounded by 
a continuous protein membrane on to which micro- 
somal particles may be adsorbed, since small 
particles can be seen adhering to both the intact and 
collapsed globules. Whether the microsomes are 
adsorbed on to the fat globules before or after the 
ejection of the globules from the secretory cells has 
not as yet been established, but it is quite possible 
that many of the microsomes are carried into the 
milk in association with the fat globules. The 
adsorbed microsomal lipoprotein could account for 
the phospholipid of the globule membrane which has 
been shown to exert a considerable influence on the 
behaviour of the milk-fat globule (Palmer & Wiese, 
1933; Rimpila & Palmer, 1935; Moyer, 1940). 


SUMMARY 


1. The lipoprotein complex of cow’s milk has 
been separated from the casein complex by using 
the marked tendency of the milk-fat globules to 
adsorb the lipoprotein. Electron micrographs show 
that both components occur in milk as discrete 
particles, diminishing in size from a maximum of 
about 200 mu. to less than 30 mu. 

2. The brown lipoprotein particles were found to 
contain about 22% total lipid (largely phospho- 
lipid), nucleic acid, a haemochromogen (probably 
cytochrome c) and the following enzymic activities: 
alkaline phosphatase, xanthine oxidase, diaphorase, 
and DPN-cytochrome ¢ reductase. Succinie de- 
hydrogenase and cytochrome oxidase activities were 
absent. 

3. The lipoprotein particles have properties 
essentially similar to those of microsomes from 
lactating mammary gland and other animal tissues 
and therefore are called ‘milk microsomes’. They 
are released into milk from the mammary gland 
during the normal secretory process, and occur 
partly in association with the fat globule. 


I wish to thank Dr M. Dixon, F.R.S., for his encouraging 
interest and advice during the course of this work and 
Dr V. Cosslett for granting me facilities of the electron micro- 
scope at the Cavendish Laboratory, Cambridge. I am parti- 
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EXPLANATION OF PLATE 1 


Fig. 1. Electron micrograph of a representative field of 
casein particles (precipitate B,) from separated milk 
fraction. 


Fig. 2. Electron micrograph of a representative field of 
lipoprotein particles or ‘milk microsomes’ (precipitate A,) 
from buttermilk fraction. 


Fig. 3. Electron micrograph of a representative field of the 
final supernatant (A,) from buttermilk fraction. Note an 
intact fat globule with a protein membrane (upper centre) 
and several collapsed fat globules. 


Studies on the Labelling of Brain Phospholipids 
with Radioactive Phosphorus 


By R. M. C. DAWSON* 
Department of Biochemistry, University of Oxford 


(Received 9 October 1953) 


During the last decade extensive work with radio- 
active phosphorus (*2P) has shown that the phos- 
pholipids present in the adult mammalian brain are 
constantly being broken down and resynthesized. 
However, little attention has been paid to the 
relative rates at which the individual phospholipids 
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are metabolized and become labelled with the iso- 
tope. This is largely due to the lack of suitable 
methods for the fractionation of brain phospho- 
lipids, especially when only small samples of tissue 
are available. The use of column and paper chro- 
matography for this purpose has proved somewhat 
disappointing (Collins, private communication; 
Zechmeister, 1950; Lea & Rhodes, 1953), while 
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countercurrent distribution methods have so far 
not given adequate separation of the kephalins 
(Lovern, 1952; Cole, Lathe & Ruthven, 1953). 
Moreover, it is difficult to apply the brilliant 
pioneer work of Folch (1942) on the solvent fraction- 
ation of phospholipids to this problem, as the 
method requires an appreciable quantity of tissue, 
is time-consuming and does not give products 
which are strictly homogeneous (Clouet, 1953). 

An attempt has therefore been made to develop 
suitable methods for the examination of the 
phospholipids present in small samples of brain 
tissue after they have become labelled with **P. The 
specific radioactivities of the components of the 
kephalin fraction, i.e. diphosphoinositide, phos- 
phatidylserine and phosphatidylethanolamine, have 
been measured by hydrolysing the mixture of 
phospholipids with various agents and separating 
identifiable phosphorus-containing and _ water- 
soluble breakdown products of the kephalins by 
paper chromatography. 

The methods have been applied to study the 
incorporation of *?P into the lipids of a guinea pig 
brain dispersion after incubation with labelled 
phosphate under conditions which ensured an 
appreciable uptake of radioactivity (Dawson, 
1953a). Observations have also been made on the 
incorporation of *2P into the phospholipids of liver 
and brain, both in slices and in the living animal. 

Preliminary reports of this work have already 
been published (Dawson, 19536, c). In a recent 
note Streicher (1953) has reported the specific radio- 
activities of various crude solvent extracts of a 
32P-Jabelled lipid mixture prepared from a rat-brain 
‘homogenate’. 


EXPERIMENTAL 


Adult guinea pigs were used throughout the investigation. 
Dispersions of the whole brain were prepared as described 
previously (Dawson, 1953a). They were incubated at 37° in 
a medium containing: 0-05 glycylglycine buffer, pH 7-2; 
0-001m sodium phosphate buffer, pH 7-2; 0-03m sodium 
pyruvate; 0-003mM sodium fumarate; 0-001mM potassium 
adenylate ; 2-1 x 10-°m cytochrome c; 0-02 M-NaF and carrier- 


Table 1. Removal of carrier-free labelled inorganic 
phosphate from a solution of brain lipids in 
chloroform:methanol by washing with 0-25M 
magnesium chloride and N-HCl 

Radioactivity (%) 
remaining after washing with 


Conditions n-HCl 0-25m-MgCl, 
Shaken for 5 min. with 1-2 9-6 
2 vol. wash liquor 
Addition of 1 vol. methanol 0-8 1-7 


to CHCl, layer from above; 
shaken for 5 min. with 
1-6 vol. wash liquor 
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free labelled phosphate. In later experiments, cytochrome c 
was omitted because it was found to cause no appreciable 
stimulation of the incorporation of **P into the lipids when 
the concentration of tissue was 80 mg./ml., although at 
lower tissue concentrations it enhanced the uptake (Dawson, 
1953). 

After the tissue had been precipitated with trichloroacetic 
acid (TCA) the lipids were extracted by a technique reported 
in an earlier paper (Dawson, 1953a). Washing the lipid 
extract with N-HCl, to remove contaminating acid-soluble 
phosphorus, was avoided because of the possibility that 
bases would be hydrolysed off the phospholipids (Wadsworth, 
Maltaner & Maltaner, 1927) which would interfere with the 
subsequent fractionation. Consequently, the CHCI,:meth- 
anol extract was washed twice by shaking with 0-25m-MgCi, 
solution. The aqueous and CHCl, layers tended to separate 
far less readily, however, and as can be seen from Table 1 
the removal of contaminating inorganic phosphate was not 
so effective. 


Fractionation of the phospholipids 


The initial fractionation of the lipid extract was per- 
formed to group the phospholipids rather than to separate 
individual components (Fig. 1). To the washed CHCl, 
extract of the lipids obtained from one Warburg vessel 
(240 mg. brain) was added 0-5 ml. of a 1% solution of 
beeswax in CHCI,. (This was found to facilitate the separa- 
tion and centrifugation of an initial methanol-insoluble 
fraction, although it in no way altered the specific radio- 
activity or amount of phosphorus in this fraction; Table 2). 
The CHCl, solution of lipids and beeswax was taken to 
dryness under reduced pressure, and the residue completely 
dissolved in 10 ml. of boiling methanol. The methanol 
solution was cooled for 30 min. at 0°, and the methanol- 
insoluble fraction (3-5-6 % of total P) centrifuged down and 
washed twice with 5 ml. portions of methanol. The com- 
bined supernatants were filtered through glass wool and 
treated with 200mg. of MgO (B.D.H. ‘specially pure’ 
grade). The mixture was allowed to stand for 30 min. with 
occasional stirring, and the MgO-adsorbed fraction (46- 
57% of total P) centrifuged down and washed twice with 
3 ml. portions of methanol. The combined supernatants 
were taken to dryness under reduced pressure and the residue 
was incubated for 20 hr. at 37° with 3 ml. n-NaOH. The 
solution was cooled in ice and 3 ml. n-HCl and 4 ml. 20% 
(w/v) TCA were added. The unsaponified lipids (6% of 
total P) were filtered off and thoroughly washed on the 
paper with 10% (w/v) TCA. The filtrate contained the 
phosphorus from the saponified lipids (31-42 % of total P). 


Determination of the specific radioactivities 
of kephalins 


Phosphatidylethanolamine. The specific radioactivity of 
this component was determined by hydrolysing the original 
lipid mixture with HgCl, solution and separating glyceryl- 
phosphorylethanolamine from the hydrolysate (Norman & 
Dawson, 1953). 

Phosphatidylserine. The specific radioactivity of phos- 
phatidylserine was obtained by hydrolysing the original 
lipid extract with alkali and separating a product which is 
probably glycerylphosphorylserine by paper chromato- 
graphy. Initial experiments were carried out with phos- 








FT wa Se 


ll 


— Se eS eS 


— Se a a 


werelrtl SUC S 





Vol. 57 


Labelled brain dispersion (240 mg. wet wt.) 
Add TCA 


Ppt. of lipids and proteins 


Extract with CHCl,:methanol 


Lipid extract 
Wash with 0-25m-MgCl, 


‘Purified’ lipid extract 
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Add beeswax, take to dryness; dissolve 
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Phospholipid group 
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methanol- 

insoluble 

fraction Acidic phospholipids 
‘Kephalins’ 


MgO-adsorbed 
fraction 


| Soln. take to dryness and incubate 


Saponified Lecithins 
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Unsaponified 
fraction 


Sphingomyelins 


Fig. 1. Fractionation of phospholipids in a labelled brain dispersion. 


Table 2. The specific radioactivity and amount of 
phosphorus in the methanol-insoluble fraction 
isolated with and without the addition of beeswax 


Methanol-insoluble fraction 


oo 
Phosphorus 
in 1 g. brain Specific 


dispersion radioactivity 
(ug.) (counts/min./mg. P) 
Fraction isolated alone 72 28 500 
Fraction isolated after 70 29 000 


the addition of beeswax 


phatidylserine prepared from ox brain by the method of 
Folch (1942). When this was hydrolysed under mildly 
alkaline conditions over 55% of its phosphorus was con- 
verted into a water-soluble phosphorus-containing de- 
rivative of serine, while there was little formation of free 
serine or glycerophosphoric acid. On completely hydrolysing 
this derivative in N-HCl at 100° for 1 hr., serine and glycero- 
phosphoric acid, but no inorganic phosphate, were found in 
the hydrolysate. It is therefore likely that the substance is 
glycerylphosphorylserine. It was found that, by using two- 
dimensional filter-paper chromatography and employing 
suitable solvent systems, the ‘glycerylphosphorylserine’ 
present in the alkaline hydrolysate of a brain-lipid extract 
could be adequately separated from the alkaline hydrolysis 
products of the other phospholipids. 

The labelled-lipid extract from 240 mg. of brain was 
washed with MgCl, solution and taken to dryness. The 
residue was dissolved by warming gently with 1-6 ml. of 
methanol containing 0-2 ml. CCl,. Water (0-22 ml.) was then 


added to the solution followed by 0-5 ml. of N-NaOH in 
methanol. The mixture was incubated for 15 min. at 37° and 
then cooled and diluted with 8 ml. of ice-cold water. The 
milky solution was passed through a column of Amberlite 
I.R.C. 50 resin (7 x 1 em. diameter) to remove alkali. The 
effluent and washings (25 ml.) were extracted twice with 
ether, neutralized to pH 6-8 with ammonia and taken to 
dryness under reduced pressure, keeping the temperature 
below 50°; the residue was extracted with water and the 
extract spotted on to a filter-paper sheet. A two-dimensional 
chromatogram was developed with the following solvents 
(a) propanol:ammonia (0-880):water (60:30:10, v/v), 
(b) tert.-butanol : water (62:38, v/v), TCA (10%, w/v). After 
drying, the chromatogram was washed twice in ether to 
remove TCA and sprayed with 0-1% ninhydrin solution in 
water-saturated butanol containing 0-1% pyridine. Two 
ninhydrin-reacting spots became visible on heating the 
chromatogram. The substance which travels the shorter 
distance in the propanol:ammonia solvent is the phos- 
phorus-containing hydrolysis product of phosphatidyl- 
serine (probably glycerylphosphorylserine) and has Ry, 
values of 0-25 and 0-34 in solvents (a) and (5), respectively. 
Alkaline hydrolysis products of phosphatidylethanolamine 
and phosphatidylcholine, and also glycerophosphoricacid 
and inorganic phosphate were thus separated from the 
‘glycerylphosphorylserine’. The specific radioactivity of the 
phosphorus in the spot was then measured by the procedure 
of Ansell & Dawson (1951). During the cutting out of the 
spot care was taken to avoid a faint phosphorus-containing 
spot with high specific activity which ran slightly more 
slowly in the ¢ert.-butanol:TCA solvent. This spot was 
shown to be an alkaline hydrolysis product of diphosphoino- 
sitide. 
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Diphosphoinositide, The method used for determining the 
specific radioactivity of diphosphoinositide in the labelled 
dispersion was based upon the observation of Folch (1949) 
that the phosphorus of diphosphoinositide is largely con- 
verted into inositol-m-diphosphate during a short hydrolysis 
with HCl. When the methanol-insoluble lipid fraction was 
hydrolysed with HCl, the hydrolysate gave, after chromato- 
graphy on a tert.-butanol: TCA paper chromatogram, a small 
phosphorus-containing spot which was inseparable from an 
inositol-m-diphosphate marker (kindly supplied by Dr 
G. H. Sloane-Stanley). Acid-hydrolysates of pure diphos- 
phoinositide showed a spot in the same position, while 
hydrolysates of phosphatidylserine, phosphatidylethanol- 
amine, phosphatidylcholine and sphingomyelin gave no 
equivalent spot. This method of acid hydrolysis followed by 
chromatographic isolation of inositol-m-diphosphate has 
been applied to: (1) the diphosphoinositide, soluble in fat 
solvents, present in the methanol-insoluble lipid fraction; 
(2) the diphosphoinositide, insoluble in fat solvents, present 
in the residue after freeing cerebral tissue from acid-soluble 
phosphorus, lipids and nucleic acids. The specific radio- 
activity of the diphosphoinositide insoluble in fat solvents 
was also determined by the procedure of Strickland (1952). 
In this method (3) a nucleic-acid- and lipid-free residue from 
brain is hydrolysed with alkali and the acid-soluble ester 
phosphorus in the hydrolysate is assumed to arise from 
diphosphoinositide. 

(1) The combined crude lipid extract from five Warburg 
vessels (1-2 g. brain) was washed with n-HCl and the 
methanol-insoluble fraction prepared. This was hydrolysed 
for 25 min. with 25 ml. 6N-HCl under reflux. The hydro- 
lysate after cooling was washed with 50 ml. of CHCl, and 
taken to dryness under reduced pressure. The residue was 
taken up in 25 ml. of water and passed through a column of 
Amberlite I.R. 100H resin to remove cations. Before the 
treatment with Amberlite the hydrolysate contained 
appreciable quantities of cations, even though the lipids had 
been precipitated with TCA and washed with HCl. The 
removal of these cations was essential for the subsequent 
chromatography of the inositol diphosphate in the hydro- 
lysate, as otherwise this stuck tenaciously to its point of 
application on the paper. The hydrolysate was concentrated 
by evaporation and applied to a paper which had been well 
washed with 2 acetic acid and 8-hydroxyquinoline. A one- 
dimensional chromatogram was prepared using the tert.- 
butanol: TCA solvent described previously. After drying, 
the paper was sprayed with the acid-molybdate phosphorus- 
detecting reagent of Hanes & Isherwood (1949), the blue 
spots being developed with ultraviolet irradiation (Ban- 
durski & Axelrod, 1951). The inositol diphosphate spot whose 
Ry value varied between 0-22 and 0-28 was cut out and 
assayed for radioactivity and phosphorus content (Ansell & 
Dawson, 1951). 

(2) Labelled brain tissue (0-6 g.) was precipitated with 
TCA and the lipids were extracted according to the pro- 
cedure of Strickland (1952); nucleic acids were removed 
from the ‘lipid-free’ residue by the method of Schneider 
(1945). The residue was then hydrolysed with 6N-HCl and 
the inositol diphosphate separated by the procedure 
described for method (1). 

(3) This followed the procedure of Strickland (1952). The 
TCA precipitate from 0-15 g. brain was freed from lipids and 
nucleic acids and the residue hydrolysed with alkali 
according to Schmidt & Thannhauser (1945). After acidifica- 
tion and filtration, the ester phosphorusin the filtrate, which 
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had been derived from diphosphoinositide, was freed from 
inorganic phosphate by the method of Friedkin & Lehninger 
(1949) and assayed for radioactivity and phosphorus. 


Phosphorus estimations 


The procedures of Fiske & Subbarow (1925) and Beren- 
blum & Chain (1938) were used to estimate phosphorus. 
Organic phosphorus was converted into the inorganic form 
by oxidation with HClO, and H,v,. In agreement with the 
observations of Bérgstrom (1952) it proved difficult to 
elute the phospholipids adsorbed on MgO. The MgO was 
therefore dissolved in HCO, and the oxidation of the lipids 
performed as usual. It was shown that in the presence of 
considerable quantities of Mg(ClO,), the colour development 
of phosphate in the Fiske & Subbarow method still obeyed 
Beer’s Law. 

The spraying of chromatograms with acid-molybdate 
solution to detect phosphorus was observed to catalyse the 
subsequent oxidation of the paper spot by HC1O,. However, 
a slight water-insoluble residue was usually found adhering 
to the walls of the oxidation vessel, but this did not seem 
to affect the quantitative recovery of phosphorus. The 
Berenblum & Chain procedure gave quantitative recoveries 
from inorganic phosphate spots (1 and 10yug.) which had 
been sprayed with acid-molybdate and irradiated with 
ultraviolet light. 


RESULTS 


In initial experiments fractionations of the phos- 
pholipids were performed after brain dispersions 
had been incubated for 1 hr. in the presence of 
labelled phosphate. It was found that the distribu- 
tion of radioactivity was by no means uniform 
(Table 3), the major part of the **P incorporated 
being found in the methanol-insoluble phospho- 
lipids and the phospholipids which were adsorbed 
on magnesium oxide. The specific radioactivity of 
the methanol-insoluble fraction varied between 344 
and 790% of that of the whole phospholipid 
fraction in six independent experiments. The com- 
position of this small fraction is complicated and 
no complete analysis was undertaken. However, 
chromatographic experiments showed it to contain 
about 32 % of phosphatidylserine and less than 5% 
of phosphatidylethanolamine, while nearly 20% 
of its phosphorus was stable to mild alkaline 
hydrolysis. 

It has been shown that when magnesium oxide is 
added to a methanolic solution of liver phospho- 
lipids it completely adsorbs the ‘kephalins’, leaving 
the choline-containing lecithins and _ sphingo- 
myelins in solution (Entenman, Taurog & Chaikoff, 
1944). In the present experiments it was confirmed 
that none of the brain choline-containing phospho- 
lipids were adsorbed from a methanolic solution by 
magnesium oxide. It was apparent therefore that 
in brain dispersions the incorporation of **P into 
the phospholipids was largely confined to the 
‘kephalin’ fraction, while the synthesis of the 
choline-containing phospholipids was compara- 
tively slow. 
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Table 3. Fractionation of the lipids of a guinea pig brain dispersion after incubation with labelled phosphate 


Fresh brain (240 mg.) incubated for 1 hr. at 37° in air with **P (10° counts/min.) and reaction mixture defined in the 
Experimental section. Figures in brackets indicate that the counting rate was too low for accurate measurement. 


Incubated 
No Incubated 1 hr. with 
incubation 1 hr. 0-001M azide 
Oxygen uptake (l.) — 155 190 
Specific radioactivities of lipid 
fractions (counts/min./mg. P): 
Methanol-insoluble (780) 11 400 7 900 
Adsorbed on MgO 50 6 350 2 450 
Unadsorbed, saponified (90) 286 (131) 
Unadsorbed, unsaponified (0) (0) (0) 
Total radioactivity of lipid 
fractions (counts/min.): 
Methanol-insoluble (3 142 54 
Adsorbed on MgO 45 641 260 
Unadsorbed, saponified (14) 36 (17) 


Unadsorbed, unsaponified 


The residual phospholipids which were not 
adsorbed on magnesium oxide had a low specific 
radioactivity, the whole of which was confined to 
the saponified or ‘lecithin’ fraction. Although 
magnesium oxide adsorbed none of the choline- 
containing phospholipids, it was found that the 
choline: phosphorus ratio of the unadsorbed phos- 
pholipids was just below unity. As the extracts 
were free from non-lipid phosphorus this indicated 
that with brain phospholipids a little of the non- 
choline containing phospholipids remained un- 
adsorbed by magnesium oxide. This was also sug- 
gested by the detection of ninhydrin-reacting bases 
other than sphingosine in hydrolysates of the un- 
adsorbed phospholipids. Although, therefore, it is 
clear that the phosphorus turnover of lecithin must 
be very slow, it may even be negligible as the turn- 
over of the ‘lecithin’ fraction could be accounted for 
by traces of non-choline containing phospholipids 
which were unadsorbed by magnesium oxide. The 
specific radioactivity of the ‘lecithin’ fraction was 
not appreciably diminished by repeating the 
magnesium oxide adsorption step several times 
with fresh samples of magnesium oxide. 

The unsaponified fraction, consisting largely of 
sphingomyelins (Schmidt, Benotti, Hershman & 
Thannhauser, 1946), contained no detectable radio- 
activity. The amount of sphingomyelin phosphorus 
recovered was apparently low and the reason for this 
will be dealt with in a subsequent communication. 

When 0-001 azide, an agent which ‘uncouples’ 
oxidative phosphorylation (Case & MclIlwain, 
1951), was added to the reaction medium, the 
respiration of the brain dispersion was stimulated, 
while the incorporation of **P into all the phos- 
pholipid fractions was lowered (Table 3). This 
suggests that the uptake of **P into each fraction is 
dependent upon an active oxidative phosphoryla- 
tion (Dawson, 1953a). 
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(0) (0) (0) 


The incorporation of **P into 
phosphatidylethanolamine 


Previous results had shown that when rat-brain 
dispersions were incubated with labelled phosphate 
there was a comparatively slow incorporation into 
phosphatidylethanolamine (Norman & Dawson, 
1953). When the same method for measuring the 
specific radioactivity of phosphatidylethanolamine 
was applied to the labelled guinea pig brain dis- 
persions used in the present work, a similar result was 
obtained. After incubation of the dispersions for 
lhr. in a medium which produced an active in- 
corporation of **P into the lipid fraction, radio- 
activity could scarcely be detected in the phos- 
phatidylethanolamine. This means that with the 
counting apparatus used, the specific radioactivity 
of the latter was less than 5 % of the specific radio- 
activity of the whole phospholipid fraction. More- 
over, the synthesis of phosphatidylethanolamine 
appeared to be no greater in slices of guinea pig 
brain incubated in a medium containing both 
0-003 ethanolamine and glycerol. 


The incorporation of **P into phosphatidylserine 


When the method for determining the specific 
radioactivity of phosphatidylserine was applied to 
a labelled guinea pig brain dispersion, the phos- 
pholipid was found to have no detectable radio- 
activity. This means that the specific radioactivity 
of phosphatidylserine was below 5 % of that of the 
whole phospholipid fraction. 


The incorporation of **P into diphosphoinositide 


The specific radioactivity of diphosphoinositide 
in labelled brain dispersions was considerably 
higher than that of the total phospholipid fraction 
(Table 4). This applied also to the diphospho- 
inositide which was not extracted from brain 
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Table 4. The relative specific radioactivities of 
diphosphoinositide and the whole phospholipid 
fraction in labelled dispersions of guinea pig brain 


Methods (1), (2) and (3) are described fully in the Experi- 
mental section. 
Ratio of specific 


Method used for determining _ Tadioactivities of 





Expt. specific radioactivity diphosphoinositide P 
no. of diphosphoinositide total phospholipid P 
1 (1) Separation of inositol-m- 9-5 
diphosphate from hydro- 
lysate of methanol-insoluble 
phospholipids 
2 (1) As above 9-6 
3 (2) Separation of inositol-m- 78 
diphosphate from hydro- 
lysate of ‘lipid-free’ and 
nucleic acid-free brain 
residue 
3 (3) Method of Strickland (1952) 6-1 


dispersions with lipid solvents and which may be in 
combination with neurokeratin (Folch, 1952). The 
specific radioactivity of this solvent-insoluble di- 
phosphoinositide, determined by the method of 
Strickland (1952), is also included in Table 4 for 
comparison with other values. 


Further observations on the incorporation 
of **P into the lipids 


The results already described have shown that 
there was an almost negligible incorporation 
of **P into the phosphatidylserine, phosphatidyl- 
ethanolamine, phosphatidylcholine and sphingo- 
myelin of brain dispersions. On the other hand, 
the diphosphoinositide phosphorus in such dis- 
persions possessed a high specific radioactivity. The 
specific radioactivity of diphosphoinositide is 
approximately 10 times that of the whole lipid 
phosphorus. If it were therefore the sole active 
component its phosphorus would have to be about 
10% of the total lipid P. All available results 
suggest that the actual percentage of diphos- 
phoinositide in brain tissue is much less than this 
(Branté, 1949; Taylor & McKibbin, 1953), and cal- 
culation showed that it was unlikely to account for 
all the radioactivity found in the whole lipid 
fraction. An experiment was therefore made in 
which a heavily labelled lipid extract was hydro- 
lysed for 1 hr. in 6N hydrochloric acid at 100°, 
whereby practically all the lipid phosphorus and 
radioactivity in the extract were converted into 
acid-soluble form. On two-dimensional paper 
chromatography of these acid-soluble phosphorus 
compounds using propanol:ammonia and tert.- 
butanol: trichloroacetic acid solvents, it was found 
that the spot corresponding to glycerophosphoric 
acid had an appreciable specific radioactivity 
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(12900 counts/min./mg. P) and contained approxi- 
mately 61 % of the total radioactivity found in the 
hydrolysate. This activity could not be accounted 
for by the low specific activity glycerophosphate 
(<1150 counts/min./mg. P) arising from the 
hydrolysis of phosphatidylserine, phosphatidyl- 
choline or phosphatidylethanolamine, which com- 
prise the bulk of the phosphoglycerides found in 
brain tissue. Moreover, it is known that inositol-m- 
diphosphate rather than glycerophosphate is the 
initial product formed during the acid hydrolysis of 
diphosphoinositide (Folch, 1949). Consequently it is 
clear that the major part of the incorporation of 
32P into the lipid fraction of a brain dispersion must 
occur during the synthesis of some other fat-solvent 
soluble substance containing glycerophosphate as 
an integral part of its molecule. 

It has recently been shown by Kennedy (1953) 
that when a **P-labelled lipid extract prepared 
from liver mitochondria was passed through a 
column of Amberlite I.R.A. 400 resin saturated 
with formate, most of the activity was adsorbed. 
The active fraction could then be readily eluted 
from the column with ethanolic HCl. When a 
similar experiment was performed with the labelled 
lipids extracted from a brain dispersion, the resin 
was found to adsorb nearly all the radioactivity, the 
specific radioactivity of the effluent lipids being only 
4% of that of the original lipid extract. However, 
the adsorbed lipid(s) proved very difficult to elute 
and only about half of the activity was recovered on 
prolonged treatment of the column with ethanolic 
HCl. Most of the activity in this eluted fraction was 
combined in the lipid(s) as glycerophosphoric acid. 


Labelling of cerebral phospholipids in 
slices and in the whole animal 


The previous results had shown that a respiring 
brain dispersion did not synthesize its phospho- 
lipids at identical rates, and it thus became im- 
portant to know whether this was so in tissue slices 
or in the whole animal. Experiments were also 
performed with liver tissue, so that the results 
could be compared with those obtained on the 
brain. 

When the phospholipids present in slices of brain 
tissue which had been incubated with labelled 
phosphate were fractionated it was found that the 
distribution of specific radioactivities in the frac- 
tions was very similar to that found in labelled 
brain dispersions (Table 5). Essentially similar 
results were obtained with liver slices, although the 
synthesis of the choline-containing lipids appeared 
to be slightly more active. The addition of 0-003M 
choline and glycerol to the incubation medium in 
which brain slices were being incubated did not 
appreciably alter the distribution of radioactivity. 
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lipids of guinea pig brain and liver slices 


Specific radioactivities are expressed as % of the specific radioactivity of the total lipid phosphorus. Figures in brackets 
indicate that the counting rate was too low for accurate measurement. 


Expt. 1 
Expt. 2 
Brain slices Liver slices Liver slices 
incubated incubated incubated 
Lipid fraction 3-25 hr.in O, 3-25 hr. in O, 1 br. in air 
Methanol-insoluble 631 250 631 
Adsorbed on MgO 127 170 131 
Unadsorbed, saponified 5 15 4:5 
Unadsorbed, unsaponified (0) (4) 4 


Table 6. Fractionation of the lipids present in the brain and liver of the guinea pig after **P exchange in vivo 


Specific radioactivities calculated for 1 mo **P injected at zero time. 


Wt. of animal (g.) 500 505 470 
Time of **P exchange (hr.) 3-4 23-0 162-3 
See 
Tissue examined Brain Brain Brain Brain Brain Brain 
(grey (white (grey (white (grey (white 
matter) matter) Liver matter) matter) Liver matter) matter) Liver 
Specific radioactivity of total lipid P 428 400 48500 1340 990 51800 10500 6420 39000 
(counts/min./mg. P) 
Specific radioactivities of lipid 
fractions (expressed as % of specific 
radioactivity of total lipid P) 
Methanol-insoluble 254 580 209 185 385 172 81 144 98 
Adsorbed on MgO 144 111 105 114 95 112 80 88 103 
Unadsorbed, saponified 64 51 97 112 125 99 105 118 107 
Unadsorbed, unsaponified <80 <41 53 <i <47 79 74 59 83 


Table 6 expresses the results of similar fraction- 
ation studies performed on cerebral grey and white 
matter, and also on liver of guinea pigs killed at 
various times after an intraperitoneal injection of 
labelled phosphate. With the shortest time allowed 
for **P exchange (3-4 hr.) there was again a pre- 
dominance of deposition in the phospholipids 
which were insoluble in methanol and adsorbed on 
magnesium oxide both in the brain and to a lesser 
extent in the liver. However, the synthesis of the 
‘lecithin fraction’ (unadsorbed, saponified) was 
more rapid than in the experiments with isolated 
tissues. The specific radioactivity of the methanol- 
insoluble fraction was about twice as high in white 
matter as in grey matter, and in the white matter it 
remained at a higher specific radioactivity than the 
whole phospholipid fraction, even after 162 hr. of 
®P exchange. The synthesis of sphingomyelin both 
in the brain and liver seems to be at a comparatively 
slow rate. 


DISCUSSION 


It was shown by Fries, Schachner & Chaikoff (1942) 
that the lipids present in slices and ‘homogenates’ 
of rat brain became radioactive when they were 
incubated with labelled phosphate. Up to now, 
however, no attempt has been made to determine 
how this activity is distributed between the indi- 


vidual phospholipids. Among the phospholipids of 
brain tissue which have been examined in the 
present investigation only diphosphoinositide was 
found to be synthesized at an appreciable rate in 
actively respiring guinea pig brain dispersions. 
Although the ideal rule when measuring the specific 
radioactivity of any compound is to isolate and 
purify it to a constant value such a course was not 
possible with diphosphoinositide in the present 
circumstances. Consequently the possibility must 
exist that small amounts of uncharacterized lipids 
with a high turnover rate are interfering with the 
determination. Diphosphoinositide is known to be 
broken down at a rapid rate in guinea pig brain 
dispersions (Sloane-Stanley, 1953) and if such 
a breakdown occurs in vivo an active synthetic 
system must be required. Strickland (1952) has 
recently shown that 4 hr. after the intracisternal 
injection of *2P in the cat, the cerebral diphospho- 
inositide has a specific radioactivity which is 
appreciably above that of the whole lipid phos- 
phorus. 

It is apparent, however, that in brain dispersions 
the synthesis of diphosphoinositide can account for 
only a small proportion of the total incorporation of 
32P into the lipid fraction, and other material 
soluble in fat solvents is also synthesized from 
the labelled phosphate. This material although 
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containing glycerophosphate in its molecule, cannot 
be either of the other kephalins or lecithin. As it is 
removed from a lipid extract by an anion-exchange 
resin saturated with formate it is probable that it is 
acidic in nature. 

It has not been possible to detect any appreciable 
synthesis of phosphatidylethanolamine, phospha- 
tidylserine or sphingomyelin in brain dispersions, 
while the synthesis of lecithin must be very slow or 
even negligible. Although these phospholipids 
show a considerable turnover in the brain of the 
intact animal it is very unlikely that they are 
synthesized in other tissues and carried to the brain, 
because of the impermeability of the blood-brain 
barrier. However, the mere demonstration that 
82P is incorporated into the lipids of isolated brain 
preparations cannot now be considered as valid 
evidence in assuming that the bulk of the brain 
phospholipids are synthesized within the tissue 
from inorganic phosphate. 

Little evidence has previously been available to 
indicate the relative rates of synthesis of various 
phospholipids present in the intact brain. Using 
solvent fractionation methods which must now be 
considered obsolete, Chargaff, Olson & Partington 
(1940) reported that after 24 hr. **P exchange in the 
intact rabbit, the brain sphingomyelin and kephalin 
had higher specific radioactivities than had the 
lecithin fraction. Hevesy & Hahn (1940), employing 
similar methods, also reported that in the rabbit the 
specific radioactivity of the ‘kephalin’ in the brain 
was initially higher than that of the lecithin. While 
the present results are consistent with these findings 
in that initially the specific radioactivity of the 
composite ‘kephalin’ fraction is greater than that 
of the ‘lecithin’, they indicate that the rate of 
synthesis of sphingomyelins is comparatively low. 
This latter result is more in keeping with the postu- 
lated role of sphingomyelins as structural elements 
in the nerve myelin sheath (Johnson, McNabb & 
Rossiter, 1950). 

The distribution of radioactivity between the 
labelled phospholipids of liver slices is remarkably 
similar to that found in slices of brain tissue, with 
a comparatively small synthesis of the ‘lecithin’ 
fraction. In the intact liver, however, the renewal 
of ‘lecithin’ phosphorus appears to be much more 
rapid and even in 3-4 hr. its specific radioactivity is 
nearly equal to that of the whole phospholipid 
fraction (Table 6). In early experiments Hevesy & 
Hahn (1940) showed that rabbit-liver ‘kephalin’ 
had initially a much higher specific radioactivity 
than had the lecithin, but using more recent solvent- 
fractionation methods Hahn & Tyrén (1946) could 
find little difference between the specific radio- 
activities of liver lecithin and three kephalin 
fractions, 4 hr. after **P injection. 

The present finding that liver sphingomyelin 
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phosphorus is renewed at a compuratively slow rate 
is in agreement with the results of Hevesy & Hahn 
(1940) and Hunter (1941) who used a different 
method for isolating sphingomyelin. 


SUMMARY 


1. Methods have been developed for determining 
the specific radioactivities of some of the phospho- 
lipids present in small samples of tissue labelled 
with *2P. 

2. When a guinea pig brain dispersion is 
actively incorporating labelled phosphate into its 
lipids, there is no appreciable incorporation of **P 
into phosphatidylethanolamine, phosphatidylserine 
or sphingomyelin, while the renewal of lecithin 
phosphorus is very slow. 

3. Measurements suggest that diphosphoino- 
sitide phosphorus is renewed at an appreciable rate 
in actively respiring brain dispersions. 

4. Brain dispersions also synthesize uncharacter- 
ized material, soluble in fat solvents, which is 
probably acidic in nature and contains glycero- 
phosphate as part of its molecule. The synthesis of 
this material is responsible for most of the incorpora- 
tion of *P into the lipids of a brain dispersion. 

5. The distribution of **P in the lipids of a 
labelled brain dispersion has been compared with 
that in the lipids of brain and liver slices and in the 
same tissues of the intact guinea pig. 


The author is indebted to Sir Rudolph Peters, F.R.S., for 
his advice and encouragement during the course of this 
investigation. He thanks Dr G. H. Sloane-Stanley for 
supplying a sample of inositol-m-diphosphate, and acknow- 
ledges the valuable technical assistance of Mr R. Lincoln, 
and also the help received from Mr A. Charles during pre- 
liminary investigations on the hydrolysis of phosphatidyl- 
serine. 
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Zinc is fairly widely distributed in animal tissues, 
and small amounts can be detected in the pancreas, 
liver, intestine, skin, erythrocytes, leucocytes and 
blood plasma and practically all the tissues of the 
animal body. In a few cases only, however, is in- 
formation available about the nature of the com- 
pounds with which the metal is closely associated. 
For example, erythrocyte zine is largely, if not 
entirely, present in the zine protein carbonic 
anhydrase, and the zine in the pancreas may be 
loosely associated with insulin, or in such a form 
that it can readily act in association with this 
hormone. 

The possibility that zinc in other tissues may also 
be combined or associated with proteins has re- 
ceived a certain amount of attention in recent years. 
Using Zn, Heath (1949) obtained evidence that 
some of the zine in tumour tissue is loosely bound to 
nucleoprotein in the cell nuclei (cf. also Heath & 
Liquier-Milward, 1950), but Rosenfeld & Tobias 
(1951) were unable to find any appreciable amount 
of this metal in the nuclear fractions of liver, 
kidney, lung and transplanted mammary tumour 
tissues of mice after the intravenous injection of 
Zn as zine chloride. Leucocytes contain consider- 
ably more zine than do erythrocytes (Vallee & 
Gibson, 1948b), and Hoch & Vallee (1952) have 
obtained evidence that human leucocytes contain 
two zine-containing protein complexes. 

There is much evidence that zine can readily 
combine in vitro with many proteins; for example, 
insulin (Scott, 1934; Scott & Fisher, 1935) and the 


B,-metal-binding globulin of human plasma (Sur- 
genor, Koechlin & Strong, 1949). Furthermore, 
Cohn and his colleagues (see Cohn et al. 1950) have 
utilized the specific interaction between zinc ions 
and proteins in the methods which they have 
developed for fractionating the proteins of human 
plasma; very small amounts of zine salts are re- 
quired in these separations, and it is believed that 
the metal combines stoicheiometrically with 
specific protein groups, possibly the imidazole 
groups (cf. also Gurd & Goodman, 1952, and the 
review by Edsall, 1953). 

There are other proteins which may have a 
special affinity for zinc, for evidence has been 
presented that this metal activates several enzymes, 
sometimes specifically; e.g. carnosinase (Hanson 
& Smith, 1949), some peptidases (Johnson, 1941; 
Yudkin & Fruton, 1947; Smith, 1948), yeast 
zymohexase (Warburg, 1949), enolase (Warburg & 
Christian, 1941a,b) and phosphatases (Cloetens, 
1941a, b, 1942). Removal of the zinc in these cases 
usually resulted in considerable loss of enzymic 
activity which could be restored by adding zinc 
salts. This evidence alone is, however, insufficient 
to justify the assumption that this stimulating 
effect of zine necessarily takes place in vivo, and 
furthermore a similar activation can often be 
effected by other metals. Thus there is no unequi- 
vocal evidence that any enzyme other than carbonic 
anhydrase contains zine as an integral part of the 
molecule or that it requires zine as a coenzyme or 
activator. 
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Appreciable amounts of zine are present in avian 
eggs, with all or practically all this metal in the yolk 
fraction ; Romanoff & Romanoff (1949), for example, 
give 700-1000 and 7 yg. as the average zine contents 
of egg yolk and egg white, respectively, and state 
that this metal is only occasionally present in the 
shell. As far as we are aware, there is no information 
about the nature of the zine compound or com- 
pounds present in egg yolk, and we therefore de- 
cided to study, using ®°Zn, the elimination of zine in 
avian eggs and the possible association of the metal 
with the yolk proteins. These experiments form 
part of a wider investigation on zine compounds 
present in animal tissues, and on the physiological 
role of this metal. For some of these studies we 
wished to use organic zinc compounds biologically 
labelled with Zn, and it was hoped that the laying 
hen might be a suitable animal for effecting this 
labelling. This paper describes studies on the in- 
corporation of ®°Zn into eggs laid by hens injected 
with the isotope (as a zinc-glycine complex). Pre- 
liminary notes recording some of the results have 
already been made (Tupper, Watts & Wormall, 
19526, 1953). 


~X PERIMENTAL 
Zinc-free reagents 


Zinc-free reagents and glass-distilled water were used for all 
analytical and preparative work described in this paper, and 
all reagents were stored in bottles which had been thoroughly 
washed with cone. HNO, (A.R.) and well rinsed with zinc- 
free distilled water. 

Glass-distilled water. Distilled water from a Manesty still 
was re-distilled from an all-Pyrex apparatus. 

Hydrochloric acid. Conc. HCl (A.R.) was freed from zinc 
by distillation from an all-Pyrex still. 

Ammonia solution. NH, (A.R.: sp.gr. 0-880) was freed 
from zine by distillation from an all-Pyrex still. 

Solid reagents. Salts, e.g. NaCl, MgSO,, (NH,),SO,, were 
freed from zinc by extracting a saturated solution of the salt 
with a solution of diphenylthiocarbazone (‘dithizone’) in 
CCl, (40 mg./l. CCl,). The zinc-free salts were recrystallized 
and dried in vacuo. 

Acetate buffer of pH 5-5. This buffer solution, containing 
Na,S,0, and KCN, was prepared according to the formula of 
Gettler & Bastian (1947). 


Preparation of the ®Zn-containing 
zine-glycine complex 


The radioactive zinc powder of low specific activity used in 
some of the experiments was obtained from the Atomic 
Energy Research Establishment, Harwell. 

Radioactive zine of high specific activity was separated 
from spectrum-pure copper plates which had been irradiated 
in a cyclotron. The earlier separations of radioactive zinc for 
our investigations were carried out as follows. 

(1) The plate was swabbed with cotton wool soaked in a 
mixture of HCl and HNO, (cone. HCl: cone. HNO,: distilled 
water; 1:1:1, v/v). 
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(2) HNO, was removed from the acid swabbings by 
repeated addition of HCl and evaporation of the solution to 
dryness. 

(3) The residue thus obtained was dissolved in 0-5N-HCl 
and the copper was precipitated with H,S. Two further 
precipitations were required to remove all the Cu from 
solution. 

(4) The copper-free solution was evaporated to dryness to 
remove H,§; the residue was dissolved in a little 0-5N-HCl 
and made just alkaline to methyl red by the addition of zinc- 
free NH,. Sodium potassium tartrate solution (4 ml. of a 
20% (w/v) solution) was added and 50 ml. of acetate buffer 
of pH 5-5. 

(5) The zine was extracted with dithizone solution 
(40 mg./1. CCl,) until negligible radioactivity remained in the 
aqueous phase. 

(6) The dithizone extract was shaken with 0-02N-HCl 
(2 x2 ml.). The acid extracts were pooled and made up to 
a final volume of 5 ml. 

The ©Zn used in the later part of the present investigation 
was separated by the following method which has the 
advantage that only one precipitation of Cu (as Cu,0)is 
needed and losses of ®Zn by adsorption on a bulky CuS 
precipitate are avoided. Stages (1) and (2) were carried out 
as above. The residue remaining after boiling off HNO, was 
dissolved in water, an equal volume of alkaline tartrate 
solution (Fehling’s solution B) was added and the mixture 
was heated to boiling. Glucose solution (10%, w/v) was 
added drop by drop until all the copper was precipitated. 
The precipitate of cuprous oxide was filtered off and the 
filtrate treated as described above in stages (4), (5) and (6). 

%5Zn-containing zinc-glycine. Solutions containing radio- 
active zinc of low specific activity (numbers HZn 1-10 and 
HZn 14) were prepared by dissolving the radioactive zinc 
powder in N-HCl, adding glycine (3 times the weight of the 
zinc present) and then N-NaOH until the solution had a pH 
of about 7-4. Solutions HZn 1, HZn 2, HZn 3-10 and HZn 14 
contained, respectively, 17, 8-7, 6-07 and 6-25 mg. of 
Zn/ml. 

The solution of zinc-glycine containing radioactive zine of 
high specific activity was prepared by dissolving 72 yg. 
glycine in 3 ml. of the ®Zn-containing solution. The solution 
was titrated to pH 7-4 with 0-1n-NaOH, and distilled 
water was added to bring the volume to 4 ml.; this final 
solution contained 4-2 ug. Zn/ml. and had a counting rate of 
209 200/min./ml. in a Veall-type (M6) counter. 


Injection of ®Zn 
The injections were given into the thigh muscles of the 
hens, and the amounts injected are recorded in Table 1. 





Maintenance of the hens 


The hens were kept in galvanized-iron battery cages. 
A pellet diet suitable for chickens (diet Al, Associated 
London Flour Millers), limestone grit and water were fed 
ad lib. 

Determination of Zn 


65Zn was determined by the method of Banks, Tupper & 
Wormall (1950), and all measurements were made with the 
counter for liquids described by Veall (1948). All samples 
were ‘counted’ for a length of time sufficient to give a total 
count with a probable error of +2-5%. No correction has 
been made here for the 2-5 % loss of ®Zn which occurs in 
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Table 1. Injection of hens with the ®Zn-containing zinc-glycine complex 


Amount given at each injection 





c Te 
Solution Radioactivity 
injected No. of Vol. Zn ee 
Hen (code nos.) injections (ml.) (mg.) (pe) (counts/min.) 
848 HZn 1 1 6 102 102 830 000 
823 HZn 2 1 2-3 20 21 172 000 
926* HZn 3-10 8 3:3 20 18 147 000 
975 Z 1 4-0 0-017 103 837 000 
986 HZn 14 lf 3-2T 20 15 122 000 


* Hen 926 was given eight injections spaced at approximately weekly intervals. 
ft Divided into four approximately equal doses and given over a period of about 24 hr. The values recorded here are the 


total amounts injected. 


this determination. Since this work was completed, simpler 
and in some cases more sensitive methods for the determina- 
tion of Zn have been developed (Banks, Tupper, Watts & 
Wormall, 1954). 

Egg yolks. The yolks were washed with 0:9% NaCl to 
remove chalazae and adhering traces of white, special care 
being taken to ensure that the yolks were free from their 
vitelline membranes. 

In the early experiments the yolks were sampled for ®Zn 
determinations by dispersing the yolk in a known volume of 
10% (w/v) NaCl solution and removing a measured volume 
of the mixture. In later experiments, however, the yolks 
were weighed, stirred well to ensure homogeneous mixing 
and weighed portions were taken for digestion with acid. 

Egg whites. These were dispersed in NaCl solution (0-9%) 
and a measured volume of the mixture was taken for ®Zn 
determinations. 

Egg shells. Whole egg shells were used for Zn determi- 
nations. 

Total zine determinations 


Treatment of glassware. Pyrex glassware was used when- 
ever possible. All apparatus was washed with Teepol (as 
supplied by British Drug Houses Ltd.) and hot water, and 
then thoroughly rinsed with zinc-free distilled water. A 
little conc. HNO, (A.R.) was added to each vessel, the acid 
boiled for a few minutes and left in for 1 hr. The apparatus 
was then well rinsed with zinc-free distilled water, and if not 
required for immediate use was stored in 10% (v/v) HNO,. 

Method. A modification of the method described by 
Vallee & Gibson (1948a) was used. The platinum crucibles 
used for these determinations were boiled for 2 hr. with 
2n-HCl before use, and then rinsed with zinc-free distilled 
water. 

The tissues were ashed in these crucibles by heating them 
for 12-24 hr. at 600° in an electric furnace. The crucibles 
were transferred to a sand bath, and the ash was boiled with 
10-15 ml. of 2N-HCl until it had completely dissolved. The 
solution was then washed into a separating funnel with 
zine-free distilled water, and sodium potassium tartrate 
solution (2 ml. of 20% (w/v)) and methyl red (2 drops of 1% 
(w/v) in ethanol) were added. Zinc-free NH, was then added 
to this mixture until it had a pH of about 5-5, and acetate 
buffer of pH 5-5 (formula of Gettler & Bastian, 1947) 
(50 ml.) was then added. The mixture was allowed to stand 
until all the colour had faded. Dithizone solution (10 ml. of 
40 mg./l. CCl,) was added and the funnel shaken for 2 min. 
The CCl, phase was allowed to settle and the last drops of 
dithizone solution were shaken down. The CCl, phase was 


run off into a graduated flask. This procedure was repeated 
until the dithizone solution in the funnel remained a clear 
green. The solution of zinc-dithizone complex thus obtained 
contained uncombined dithizone. 

Vallee & Gibson (1948a) measured the absorption at 
520 mu. (the wavelength of maximum light absorption for 
zine dithizone) and at 620 my. (maximum light absorption 
for uncombined dithizone). They calculated the zinc content 
of their samples from a formula involving an experimentally 
derived calibration constant and the absorptions at 520 and 
620 mu. A 620 mu. light filter was not available to us. The 
excess of dithizone was therefore extracted with 0-02 n-NH, 
(2 x 25 ml.) as described by Prodinger (1940). The solution of 
zine-dithizone complex was made up to a suitable volume 
with CCl,, shaken with a little anhydrous Na,SO, to remove 
water, and the absorption was read on a photoelectric 
colorimeter using an Ilford filter no. 624 (520 mu.). Blanks 
and standards (containing 20 and 40yug. Zn) were taken 
through with each batch of determinations. This method 
was found to give consistent results, the standards giving 
the same readings from day to day. 


Total phosphorus and nitrogen determinations 


Colorimetric P determinations were made by King’s 
(1932) modification of the method of Fiske & Subbarow 
(1925). Total N was determined by the micro-Kjeldahl 
method, with the NH, distilled, in the apparatus described 
by Markham (1942), into a boric acid solution containing 
a methyl red: methylene blue indicator. The final titration 
was made with n/70 HCl. 


Separation of lipovitellin and other 
proteins from egg yolk 


Eggs were cracked into separate porcelain evaporating 
basins (previously washed with conc. HNO, (A.R.) and 
zinc-free distilled water). The whites were carefully separ- 
ated. Adherent white was removed by washing the yolks 
several times with 0-9% NaCl. The yolk was held by the 
vitelline membrane above a glass beaker, the membrane 
punctured, and the yolk collected. 

Lipovitellin. An equal volume of 10% (w/v) NaCl 
containing 0-01% merthiolate was added to the bulked 
yolks. Lipovitellin was prepared from this material as 
described by Calvery & White (1932) for the initial stages of 
their preparation of vitellin, i.e. by diluting the ether- 
extracted yolk solution with excess of water. (See also 
Francis & Wormall, 1948.) 
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Livetin. Egg yolks were dispersed in an equal volume of 
10% (w/v) NaCl containing 0-01% merthiolate. Livetin 
was prepared as described by Jukes & Kay (1932), but glass- 
distilled water was used instead of tap water for dialysis. 

Phosvitin. Two batches of this phosphoprotein were 
prepared. In one case the procedure of Mecham & Olcott 
(1949) was rigidly adhered to. In the other, the yolks were 
first extracted with ether to remove some of the lipids before 
the phosvitin was precipitated, and in this way the pre- 
cipitate obtained was less gummy. 

Preservation of solutions. Merthiolate (to give a final 
concentration of 0-01%) was added to all the protein 
solutions which were not required for immediate analysis, 
and these solutions were stored at 0-4°. Merthiolate was 
also added to the 0-9% NaCl or distilled water used for 
dialysis. 


RESULTS 


Total zine content of normal eggs 
and of the hen food 


Before undertaking a study of the elimination of 
zinc in eggs, it was necessary to have available data 
about the normal zine content of eggs laid by birds 
fed on the hen diet and kept in the batteries used in 
our laboratories. In view of the sparse and in some 
cases conflicting analytical data given in the 
literature, and also in view of the probable influence 
of dietary zinc intake on the total zine content of 
eggs, we investigated a small series of eggs laid by 
our own stock hens. 


In a preliminary investigation, separated egg yolks, 
whites, and shells were digested with acid in Pyrex glass- 
ware, as described for the determination of Zn (Banks et al. 
1950), and the amount of zinc in the digested material was 
determined by the modification of Gettler & Bastian’s 
(1947) dithizone method described elsewhere (Tupper, 
Watts & Wormall, 1952a). The materials investigated 
required prolonged boiling in glass vessels with fairly large 
amounts of the acid digestion mixture, and it is probable 
that zinc extracted from the glass and that present in the 
reagents were responsible for the high ‘blank’ values ob- 
tained (sometimes as much as 50 yg. Zn). 


The results showed that the egg yolks contained 
considerable amounts of zinc. Seven eggs from non- 
injected hens gave values of 198-978 (mean, 555; 
S.E. + 285) and seven eggs laid by a hen injected with 
zince-glycine (20 mg. Zn) during the period 1-10 days 
after the injection contained 277-1040 (mean, 581; 
S.E. + 293) ug. Zn/yolk. The egg whites and shells 
examined in this experiment contained little or no 
zine, since the values obtained were within the limits 
of the corresponding ‘blank’ values. 

A more precise investigation of the total zinc 
contents of a number of yolks and whites was then 
undertaken, using the colorimetric dithizone micro- 
method of Vallee & Gibson (1948a) modified as 
described in the Methods section. The results 
(Table 2) confirmed the view that the yolks of 
normal hen eggs contain appreciable but variable 
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amounts of Zn, and they further showed that egg 
white contains, at the most, only traces of this 
metal. We decided that total zinc determinations 
on the shells would be valueless, since these shells 
would almost certainly contain extraneous zinc 
arising from contact with the galvanized iron grids 
of the batteries in which the hens were kept or with 
the zine-rich faeces of the hens. Our study of the 
zine in egg shells was, therefore, largely confined to 
measuring the ®Zn content of the eggs laid by hens 
injected with the isotope, and in these experiments, 
described later in this paper, no Zn was found in 
the shells. It is also significant that no appreciable 
amount of zine could be detected in the shell of a 
fully formed egg which was found, post mortem, 
inside the shell-forming portion of the oviduct of one 
of our injected hens (no. 975). 

In order to have data about the dietary zinc intake 
by the hens used in these investigations, we have 
determined the average daily food pellet and grit 
intake for a group of eight hens, and the zine con- 
tents of the food pellets, grit and water administered. 
The results (Table 3) showed that the hens were 
receiving considerable amounts of dietary zinc each 
day, and thus it did not appear likely that the 
injection of radioactive zinc in our experiments 
would significantly alter the zine metabolism of 
these birds or lead to an appreciable increase in the 


Table 2. Total zinc contents of egg yolks and whites 


The hens injected with Zn received a single intra- 
muscular injection of a zinc-glycine complex containing 


103 wo Zn and 17 yg. of Zn. 
Total zine content 


(48-) 
pa 
Yolks Whites 

Eggs from hens injected with ®Zn 279 0 
231 3 
Eggs* from normal (non-injected) 307 9 
hens 395 8 
274 2 
374 2 
_— 5 
Mean 310 4 

(s.E. +26) 


* The yolks and whites in this series were not obtained 
from the same eggs. 


Table 3. Zinc intake by hens 


Average amount Zinc Average zinc 
consumed/day content intake/bird/day 
(g-) (ug./8-) (mg.) 
Pellets 156 +33-8 32 5-0 
Grit 7445-9 25 0-2 
Water 150* 3 0-5 


* It was not possible to measure accurately the water 
intake of the hens used in this experiment, but Romanoff & 
Romanoff (1949) quote an average value of 150 ml. for the 
water intake of hens. 





54 


7 
> 


Lis 
ns 
Is 





Vol. 57 


elimination of the zine in the eggs. In practice we 
have observed no significant increase, under the 
conditions of our experiments, in the zinc content of 
egg yolks following the injection of appreciable 
amounts of zine-glycine into the hens. Indeed this 
is not surprising since the hens studied had had an 
average daily dietary intake of about 5-7 mg. of 
zine for several weeks, and in some cases many 
months; thus a single injection of even as much as 
20 mg. of zine should not greatly increase the body 
zine reserves of these animals. Furthermore, these 
results with hens injected with low specific activity 
radioactive zine were essentially the same as those 
obtained in later experiments, where radioactive 
zinc of high specific activity was used and where the 
total amount of zine injected into each hen was 
sometimes as little as 0-017 mg. at each injection. 

It is concluded, therefore, that even where the 
low specific activity material was used, the amount 
of zine eliminated in the egg yolks was not de- 
pendent on the total amount of zinc in the radio- 
active zinc injected. 


65Zn content of eggs laid by hens injected 
with the isotope 


The amounts of ®Zn present in the yolks, shells 
and whites of eggs laid by hens after the injection of 
the isotope (as a zine-glycine complex) have been 
determined. The results (Table 4) showed that the 
isotope was present only in the yolks. 

The Zn contents of the yolks of eggs laid by two 
hens after each hen had received a single injection 
of the isotope have been plotted against the time 
between the injection and the laying of the egg. 
Both curves had the same general form, and the eggs 
laid by a third injected hen gave results which 
agreed well with those recorded in Fig. 1; the results 
obtained with the last-named hen are not included 
here, however, for this hen received further in- 
jections of Zn after it had laid six eggs during the 
first 12 days following the first injection. These 
injected hens, all of which had been laying almost 
every day for some weeks before the injection, 
stopped laying for 3—7 days after the injection of the 
zine-glycine complex, though hen no. 975 laid an 
egg within 18 hr. after the injection. Other hens 
injected with the ®Zn-containing zinc-glycine 
stopped laying for varying periods after the in- 
jection, and in the case of some of the birds, regular 
laying was not re-established. Whether this dis- 
turbance of the normal laying rhythm was due to 
the effects of the injected zinc-glycine or the ®Zn 
cannot be decided from this small series of experi- 
ments, but there may be a true relationship between 
the injection of this particular material and the 
cessation of egg laying, for no similar effect has been 
observed in this laboratory in the case of hens 
injected with inorganic phosphate containing **P. 
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In view of this failure of the hens to lay eggs 
during the first few days after the injection, it is not 
possible to report on the minimum time needed for 
the ®Zn injected into the hens to be incorporated in 
the egg yolks. In our experiments, eggs laid less 
than 24 hr. after the injection contained no Zn, 
but an appreciable amount (0-7-0-9% of the 
injected Zn) was present in the yolks of eggs laid 
4 days after the injection (cf. Fig. 1). The maximum 
values (1-5—2-0 % of the injected ®°Zn) were reached 
5-10 days after the injection, and thereafter there 


Table 4. °Zn contents of the shells, whites and yolks 
of eggs labelled biologically with the isotope 





Date of egg Radioactivity (counts/min.) 
Hen (days after =©£_<———__*»—_______,, 
(no.) injection) Shell White Yolk 
926 1 o* 0 0 
4 0 0 1340 
5 0 0 2940 
7 on sn 2900 
8 _ — 3950 
10 0 0 2430 
12 0 0 2000 
13+ 0 0 _ 
18+ 0 0 ose 
22T 0 0 — 
26+ 0 0 — 
337 0 0 — 
37t 0 0 = 
986 12 0 0 1270 
18 0 0 1070 
27 0 0 750 
975 10 0 0 12 760 
ll 0 0 12 730 
12 0 0 10 300 
13 0 0 9 230 


* Net counting rates of less than 5/min. were considered 
to have no quantitative significance in this experiment and 
are recorded as 0. 

t+ Eggs laid after further injections of Zn given at 
weekly intervals beginning on the 12th day after the initial 
injection. 
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Time after the injection (days) 


10.14 


Yolk “Zn (as % of the injected Zn) 


Fig. 1. Elimination of ®Zn in the yolks of eggs laid by hens 
following a single intramuscular injection of the isotope. 
O—O, hen no. 986; x— x, hen no. 975. Details of the 
amounts of Zn injected are given in Table 1. 
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was a rapid fall in the yolk Zn until about 14 days 
after the injection, when the curve became much 
less steep. The elimination of Zn in the yolks con- 
tinued for a long time, and with one hen the yolk of 
the egg laid 37 days after the injection, the last egg 
examined in this experiment, contained 0-5 % of the 
injected ®Zn; in all, the eggs laid by this hen in the 
37 days following the injection contained about 
20 % of the injected ®Zn. 

In other investigations, to be reported later, we 
are studying the amount of ®Zn in immature eggs 
present in the ovaries of hens which have been 
injected with the isotope. These experiments are 
still incomplete, but all the results so far obtained 
offer support for the view that zinc is laid down in 
the egg yolks in the ovary as a stable compound 
or complex, the zinc of which does not undergo 
exchange with that present in the blood and other 
tissues of the hen. 


®5Zn content of the egg-yolk proteins 


As a first step in the fractionation of egg yolk for 
a study of the nature of the zine compounds present, 
we separated some of the ®Zn-containing yolks into 
lipid and protein fractions. Although it appeared 
unlikely that zinc would be associated with the yolk 
lipids, this possibility could not be dismissed without 
investigation, for it is known that some metals are 
present in nature in the form of lipid-soluble salts or 
complexes. 


In a typical experiment the ®Zn-containing -yolk was 
dispersed in 10% (w/v) NaCl and the mixture was extracted 
8 times with 1 vol. of ethanol: ether (7:3, v/v), a mixture 
which removes from the lipovitellin essentially all the free 
and protein-bound lipid (cf. Francis & Wormall, 1948). 
Radioactivity determinations were made on the precipi- 
tated protein, the mixed lipids and the aqueous solution 
obtained in the initial extraction of the diluted yolk with 
ethanol-ether. 


The results showed that the mixed lipids and the 
aqueous solution contained no ®Zn, and all the yolk 
65Zn was present in the precipitated protein. Thus 
the possibility of appreciable amounts of zinc being 
present in egg yolk as a zinc salt of a fatty acid, or in 
any other ethanol-soluble form, can be excluded. 

The next step was a study of the various yolk 
proteins, and particular attention was first directed 
towards the lipovitellin, a lipoprotein which 
accounts for most of the yolk proteins. This protein 
complex is soluble in strong salt solution (e.g. 
5-10 % NaCl), but is precipitated when a solution of 
egg yolk is partially freed from lipid by extraction 
with ether containing 2% ethanol (v/v) and then 
diluted with about 20 vol. of water. Lipovitellin 
precipitated in this way from ®Zn-containing egg 
yolks contained 82-95 % of the total yolk Zn, and 
the supernatant solutions, containing other yolk 
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proteins, inorganic salts and almost certainly small 
amounts of lipovitellin, showed only slight radio- 
activity (Table 5). The total recovery of *Zn was 
a little low in a few cases, but the losses encountered 
were not greater than might be expected in an 
experiment involving extensive dilution of the 
original solution and the formation of a precipitate 
which tends to adhere to glassware. 

Although the solution obtained after the removal 
of lipovitellin contained little Zn, in fact some- 
times only 2-5 % of that present in the egg yolk, we 
decided to find out whether this zinc was associated 
with proteins other than lipovitellin. Attention was 
first directed towards livetin, the water-soluble yolk 
protein which is precipitated by half-saturation 
with ammonium sulphate. 


Expt. 1. A ®Zn-containing egg yolk was mixed with 
20 ml. of 10% (w/v) NaCl, and the mixture was extracted 
with ether (containing 2% ethanol) to remove lipids, and 
dialysed against distilled water. It was then centrifuged to 
remove the precipitate of lipovitellin which had separated 
and filtered through an asbestos pad. The filtrate was then 
half-saturated with (NH,),SO, and kept overnight at 4°, 
yielding a precipitate of livetin. This precipitate was dis- 
solved in water and centrifuged to remove a little insoluble 
matter. The livetin was then precipitated by half-saturation 
with (NH,),SO, and one further reprecipitation was carried 
out in the same way. 

Expt. 2. This preparation was made as described for 
Expt. 1, but the crude livetin was not purified by reprecipi- 
tation. 


These livetin preparations contained little or no 
65Zn. For example, a solution of crude livetin 
obtained in Expt. 2 above contained Zn giving 
180 counts/min. compared with counting rates of 
4000/min. for the solution from which it was pre- 
cipitated and 25000/min. for the lipovitellin 
separated from the same egg yolk. Most or all of 
this *°Zn associated with the livetin was removed 
when this protein was dissolved and reprecipitated, 
and from this and other evidence it is concluded that 


Table 5. Radioactivity of lipovitellin expressed as % 
of the radioactivity present in the ®Zn-containing 
egg yolks } 

Radioactivity (as % of the 
radioactivity present in the 
initial yolk suspension) 


Supernatant* from 


Expt. lipovitellin 
(no.) Lipovitellin precipitation 

1 90 2-9 

2 92 2-2 

3 89 2-2 

4 90 4-2 

5 82 2-3 

6 82 0-5 

7 95 0- 


* This fraction contains all the yolk constituents which 
are soluble in 0-025 % (w/v) NaCl. 
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any zine associated with livetin separated from egg 
yolk is only loosely bound to the protein and is 
possibly carried down by adsorption. 

In other investigations with these Zn-containing 
egg yolks we have found that none of the isotope is 
associated with phosvitin, the yolk phosphoprotein 
described by Mecham & Olcott (1949) and which, 
according to these authors, accounts for at least 
60 % of the protein phosphorus of egg yolk. A con- 
siderable part of the Zn in the egg yolks used for 
these preparations remained associated with the 
fraction containing phosvitin until the final pre- 
cipitation of phosvitin by saturation with ammo- 
nium sulphate. In one experiment, for example, the 
crude phosvitin solution (containing 65-7 mg. P) 
had a counting rate of 5040/min., whilst the 
phosvitin precipitated from this solution by 
ammonium sulphate showed no detectable radio- 
activity ; if the *°Zn in the crude phosvitin solution 
had in fact been attached to this phosphoprotein, 
the purified protein should have had a counting 
rate of 2120/min., based on the phosphorus contents 
of the crude and purified materials. 


Studies of the zine associated with the 
lipovitellin fraction 
The experiments described so far established the 
close association of zine with the lipovitellin fraction 
of egg yolk, but they had provided no evidence of a 
specific combination of the metal with this lipo- 
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protein. Many of the results might equally well be 
explained by postulating the attachment of the 
metal to the protein by salt formation or the ad- 
sorption of a zinc compound by the precipitated 
lipovitellin. Further experiments were therefore 
made to study these possibilities and to determine 
whether the Zn in preparations of lipovitellin 
obtained from egg yolks containing the isotope is 
dissociable and exchangeable. 

Effect of repeated precipitation of the lipovitellin. 
The lipovitellin separated from various ®Zn- 
containing egg yolks was reprecipitated from solu- 
tion in 10 % NaCl by adding excess of water, and the 
‘purified ’ lipovitellin preparations were analysed to 
determine whether reprecipitation had effected any 
change in the amount of Zn associated with the 
protein. 

The egg yolks (pooled yolks in some experiments) were 
mixed with 10% (w/v) NaCl, and extracted with ether 
(containing 2% ethanol), and the lipovitellin was precipi- 
tated by adding to this mixture 20 vol. of distilled water. 
The suspension was allowed to stand overnight, to facilitate 
flocculation of the precipitate, and was then filtered. The 
precipitate was dissolved in 10% NaCl and the lipovitellin 
was again precipitated by adding excess of water. A further 
reprecipitation was carried out by the same method. In 
two of the experiments (H and F) the lipovitellin solutions 
used as starting materials and the solutions of reprecipitated 
lipovitellin were centrifuged for 1-5 hr. at about 3000 rev./ 
min. and 0-4°, to ensure maximal removal of suspended 
matter. In addition, the lipovitellin solution used for 


Table 6. ®Zn content of lipovitellin separated from *Zn-containing eggs and reprecipitated twice 


Single yolks were used for Expts. A and B, and pooled yolks for the other experiments. The eggs used for Expt. H were 
laid by a hen which had been injected with zinc-glycine containing 6-03 uc *Zn/yg. Zn; the other eggs were laid by hens 
injected with a similar material containing 0-75-1-05 yc of ®Zn/mg. Zn. For other experimental details see this page. 


Composition of the lipovitellin solution 





65Zn content (counts/min.) 


Solution* Total P Total N Zn . . 
Expt. (no.) (mg.) (mg.) (counts/min.) P/N ratio (/mg. P) (/mg. N) 
A A, 30-8 213 3740 0-144 121 17-5 
A, 28-0 190 3300 0-149 118 17-5 
A, 21-8 148 2530 0-148 116 17-1 
B B, 31-4 221 3930 0-142 126 17-8 
B, 23-0 173 3075 0-133 133 17-8 
Bs 19-1 137 2450 0-139 128 17-9 
Cc C, 84-5 544 2260 0-155 26-8 4-2 
C, 68-5 511 2140 0-134 30-4 4-2 
C3 57-0 441 1725 0-129 30-5 3-9 
D D, 354 1960 6010 0-181 16-9 3-1 
Dz 280 1770 5370 0-158 19-1 3-0 
Ds 245 1550 4460 0-157 18-1 2-9 
E BE, 20-9 158 5480 0-132 262 34-6 
E, 14-1] 121 4000 0-116 284 33-0 
E, 10-4 89 2840 0-118 270 32-1 
F F, 231 1460 4200 0-158 18-2 2-9 
F, 134 850 2420 0-158 18-1 2-8 
Fs 53-3 350 970 0-153 18-4 2-8 


* 4,, B,, ete., denote the original lipovitellin solutions, A,, etc., the first reprecipitated and 4g, etc., the second 
reprecipitated products. 
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experiment F was first filtered through a pad of fine filter 
papers. ®Zn, total N and P determinations were made on 
samples of the solution of the original lipovitellin (A,, B,, 
etc.) and those of the reprecipitated proteins (A,, B,, etc., 
representing the first, and A;, etc., the second reprecipita- 
tions). 


The results of these experiments (Table 6), made 
with lipovitellin preparations containing fairly 
widely varying amounts of ®Zn, showed that, for 
any one preparation of lipovitellin, the ratio of Zn 
to either total N or total P did not change materially 
as a result of reprecipitation of the protein. Thus it is 
improbable that the ®Zn in these radioactive egg 
yolks was present as an ‘impurity’ in the lipo- 
vitellin. The results also exclude the possibility that 
egg yolk contains small particles of an insoluble zine 
salt which is carried down by precipitates such as 
those of lipovitellin, for, in Expts. E and F particu- 
larly, the removal of small amounts of insoluble 
protein at each stage in the ‘purification’ of the 
lipovitellin would be expected to result in removal 
of the bulk of suspended radioactive material of 
this type. 

Effect of dialysis on the *Zn in egg yolk. ©Zn- 
containing egg yolk was extracted several times with 
ether containing 2 % ethanol (v/v) and then mixed 
with an equal volume of 10 % (w/v) NaCl. When this 
mixture was dialysed against 10% NaCl at 0-4°, 
only about 2% of the Zn passed through the 
membrane during the first 72 hr., thus establishing 
the non-diffusibility of the Zn in the yolk. With 
further dialysis, larger amounts of Zn passed 
through the membrane (5 and 9%, respectively, 
during the fourth and fifth days of dialysis), but this 
later increase in dialysability of the zinc is attributed 
to partial breakdown of the yolk proteins, possibly 
resulting partly from bacterial action. 

Attempted exchange of zinc. Experiments were 
then carried out to determine whether the Zn in the 
lipovitellin prepared from egg yolk containing the 
isotope can undergo exchange with added non- 
radioactive zinc in the form of a simple dissociable 
zine compound. In these experiments we have used 
a zine-glycine complex as the source of exchangeable 
non-radioactive zine, for there are obvious ob- 
jections to the use of ordinary inorganic zinc salts in 
experiments of this type where the zinc might be 
precipitated in the neutral or slightly alkaline 
solution as the carbonate, hydroxide or phosphate. 
There is no doubt that the zinc in these zine-glycine 
complexes is freely available for exchange, for we 
have previously shown that this zine readily com- 
bines with phosphate or dithizone (Tupper e¢ al. 
1952a). 

In some of these exchange experiments with 
6°Zn-containing lipovitellin we have added a 
relatively large excess of zine-glycine to the protein 
and then precipitated the lipovitellin and analysed 
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it to determine whether it had lost any of its 
original Zn. 


Lipovitellin prepared from egg yolk containing ®Zn was 
purified by three further precipitations from 10% (w/v) 
NaCl by dilution with water, the lipovitellin solution being 
centrifuged for 1-5-2 hr. at 3000 rev./min. and 0-4° before 
each of the last two precipitations. The final solution (50 ml. 
containing 170 mg. N) was mixed with a solution of zinc- 
glycine (10 ml. containing 16 mg. Zn at pH 7-4) and the 
mixture was kept at room temperature for 2 hr. It was then 
diluted with water (20 vol.) and left at 0-4° for about 16 hr. 
after which the precipitated lipovitellin was centrifuged off 
and dissolved in about 65 ml. of 10% NaCl. Samples of this 
solution and the lipovitellin solution to which the zinc- 
glycine was added were analysed for Zn, total Zn, N and P. 


The results of this experiment showed that the 
lipovitellin had lost little or none of its Zn as 
a result of exposure to zine-glycine containing nearly 
40 times as much zine as the total zine in the lipo- 
vitellin. The final lipovitellin had a count rate of 
17-9counts/min./mg. P as against 18-2 for the lipo- 
vitellin before treatment with zinc-glycine, and the 
corresponding counting rates based on nitrogen 
content were 2-6 and 2-8 counts/min./mg. N. (These 
small reductions in the Zn content of lipovitellin 
are within the limits of the error of the determina- 
tions involved, but we do not exclude the possibility 
that a very small part of the zinc in lipovitellin 
preparations is present as a zinc salt of the protein, 
with this zine in an exchangeable form. This dis- 
sociable zinc might be present in the original egg 
yolk or it might be liberated from the firmly bound 
zine of the lipovitellin when solutions of this protein 
are stored for more than a day or two.) 

As we had anticipated, the total zine content of 
the lipovitellin precipitated from the solution con- 
taining zine-glycine was much greater than that of 
the original protein, for a little over half the zine of 
the zinc-glycine had become associated with the 
lipovitellin. This ready combination of zine with 
lipovitellin, possibly similar to the binding of the 
metal by serum globulins and many other proteins, 
rules out the possibility of a similar simple study of 
the exchange of zinc between non-radioactive lipo- 
vitellin and Zn-containing zine-glycine. In 
experiments with systems of this type we have 
found that when zinc-glycine containing Zn is 
added to lipovitellin (or ovalbumin) and the lipo- 
vitellin is precipitated by water (or by ethanol or 
sodium sulphate in the case of ovalbumin) the pre- 
cipitate contains considerable amounts of ®Zn; in 
these cases, however, the metal is present in a 
readily exchangeable form, and the mode of attach- 
ment is apparently quite different from that of the 
zine in natural lipovitellin. 

In a further exchange experiment with radio- 
active lipovitellin we dialysed a solution of this 
protein against 10% NaCl containing an amount of 
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Table 7. Attempted exchange of zinc between lipovitellin containing ®Zn and non-radioactive zinc-glycine 


Radioactive lipovitellin solution was placed in a closed dialysis sac and the sac immersed in 10% (w/v) NaCl solution 
containing non-radioactive zinc-glycine. Samples of the solution in the sac and the external solution (‘dialysate’) were 
analysed at the start and after 18 hr. dialysis at 0-4°. For other experimental details see this page. 


Solution in the sac 
(lipovitellin) 
A 


External solution 





é Total Zn 
(mg.) 
0-34 
1-98 


Before dialysis 
After dialysis 


(counts/min.) 


4 
Total Zn Zn 
(mg.) (counts/min.) 
3-42 e 
1-92 o* 


657n 


390 
400 


* The counting rate obtained was within the limits of the background count rate (i.e. not more than 2 above the 


average background). 


zine equal to about 10 times the total zinc in the 
lipovitellin, to determine whether under these 
conditions the protein lost any of its ®Zn by 
exchange with the zinc-glycine. 

The lipovitellin solution (40 ml.) was introduced into a sac 
of Visking transparent cellulose tubing and the sac was 
suspended in 60 ml. of 10% (w/v) NaCl containing 3-42 mg. 
of non-radioactive zinc as zine-glycine. After dialysis had 
continued at 04° for 18 hr. the solution in the sac, the 
dialysate and samples of the original lipovitellin and zinc- 
glycine solutions were analysed for total zine and ®Zn. 

The results (Table 7) showed that although zine 
had freely passed from the external solution to the 
lipovitellin solution inside the sac, the latter solution 
had lost none of its Zn. 


DISCUSSION 


The presence of zine in avian eggs has been well 
established, but no information is apparently 
available in the literature about the nature of the 
zine compounds present. The studies with Zn 
described here have provided confirmatory evidence 
that essentially all the zinc in the egg is present in 
the yolk, and they have established that the metal is 
mainly or entirely attached to the yolk proteins. We 
believe that the small amounts of ordinary zinc 
occasionally found in egg white may be due to the 
presence of a little yolk, or to zine derived from the 
reagents or glassware used in the zine determina- 
tions. Likewise, egg shells may become contami- 
nated by contact with zine-rich faeces, galvanized 
iron, ete. We had expected that the shells of some of 
the eggs laid by our hens injected with the isotope 
would contain small amounts of Zn, for we 
expected contamination to occur. However, there 
were several factors which undoubtedly helped to 
reduce the risk of this contamination. Since the 
hens were kept in batteries there was little risk of the 
egg remaining long in contact with faeces after it 
had been laid. As a further precaution against con- 
tamination by zinc-rich faeces, any soiled egg shells 
were washed gently before they were analysed. 
The demonstration that the Zn in the Zn- 
containing eggs is completely or almost completely 


associated with the yolk proteins led us to search for 
the particular type of protein concerned with this 
firm binding of zinc. Unfortunately, there is con- 
siderable confusion and lack of agreement about the 
nature of the yolk proteins, and many different 
methods have been described for the isolation of 
individual proteins or groups of protein. (For an 
account of the egg-yolk proteins see Fevold, 1951.) 
One relatively simple method involves the separa- 
tion of lipovitellin by diluting with excess of water 
a solution of mixed egg-yolk proteins in 5-10% 
NaCl. Lipovitellin thus obtained can be ‘purified’ 
only by repeated reprecipitation, and preparations 
obtained in different laboratories, or even those 
obtained from different batches of eggs laid by hens 
fed on a standard diet, vary appreciably in composi- 
tion. The P/N ratio is usually 0-11—0-14 (Chargaff 
(1942) and Alderton & Fevold (1945) give, re- 
spectively, analytical figures which give ratios of 
0-115 and 0-112), but values above 0-14 are fre- 
quently obtained, as in some of the present investi- 
gations. Prolonged centrifuging of some of these 
solutions of lipovitellin of high P/N ratio, with the 
discarding of the deposit which separates, some- 
times leads to a significant fall in this ratio; several 
possible explanations can, however, be offered to 
account for this reduction, e.g. (a) denaturation of 
the protein with liberation of phospholipin, (b) the 
carrying down, by the precipitate, of loosely 
attached, not chemically bound, lipid, and (ce) 
removal of lipovitellenin, an egg yolk lipoprotein 
fraction described by Fevold & Lausten (1946) and 
which has an average P/N ratio of about 0-16. No 
special effort has been made in our investigations to 
remove lipovitellenin from our lipovitellin pre- 
parations. 

Since lipovitellin is a phospholipin-vitellin com- 
plex which shows considerable variation in lipid- 
protein ratio, and since we have shown that the 
zine attached to this complex is bound to one com- 
ponent only (the vitellin), it is not to be expected 
that lipovitellin will have a constant zine content. 
We are, however, investigating the vitellin part of 
this lipoprotein to determine whether, with varying 
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amounts of zinc administered to laying hens, there 
is any constancy in the percentage of zinc in this 
phosphoprotein separated (a) from the yolks of the 
eggs laid by these birds, and (b) from immature eggs 
detached from the hens’ ovaries. If evidence can be 
obtained that a true zine protein is present in the 
growing egg, the possibility can be considered that 
this or some similar zinc compound has a special 
function in other developing tissues. 

Our results with these lipovitellin preparations 
biologically labelled with Zn show that the zinc in 
this lipoprotein is firmly bound. No significant 
change occurs in the ®Zn content of the labelled 
lipovitellin when it is ‘purified’ by two further pre- 
cipitations. Solutions of lipovitellin in 5-10 % NaCl 
can be kept for many weeks at 0—4° with no change 
in the ®Zn content of the lipovitellin precipitable by 
dilution of the solution with excess of water, and 
little of the zinc can be removed by long dialysis. 
The strongest evidence of the stability of the zinc- 
protein linkage has been obtained, however, in 
exchange experiments, for these have shown the 
zine of lipovitellin does not exchange when exposed, 
in vitro at pH 7-4, to a large excess of exchangeable 
zine. In this respect, therefore, the zine of lipo- 
vitellin behaves like the magnesium of chlorophyll 
which does not exchange with magnesium ions 
(Ruben, Frenkel & Kamen, 1942), the iron of 
methaemoglobin which does not exchange with 
ferric salts (Ruben, Kamen, Allen & Nahinsky, 
1942) and the zine of carbonic anhydrase (Tupper 
et al. 1952a). 

Egg yolk contains appreciable amounts of zinc, 
and egg production clearly involves a considerable 
loss of this element by laying birds. Whether the 
metal is incorporated into the egg in order to provide 
astore for the growing chick, or whether this method 
of eliminating zinc merely provides a channel for the 
hen to get rid of excess of the metal, is at present 
unknown. The latter possibility cannot be excluded, 
for the hen can eliminate lead in combination with 
yolk fatty acids (Bishop, 1929a, b) and selenium in 
the yolk and white (Moxon & Poley, 1938). It 
should not be overlooked, however, that zinc is an 
essential trace element, and that it will be needed in 
the egg by the developing chick for the production 
of carbonic anhydrase and possibly other zinc 
proteins. For these reasons we intend to make a 
more intensive study of the zinc-protein complex or 
complexes present in egg yolk, in the hope that it will 
yield useful information about the uptake and 
utilization of zine by animal tissues. 


SUMMARY 


1. The elimination of zine in the eggs of the 
domestic hen following the intramuscular injection 
of a zine-glycine complex into the hen has been 
studied using Zn. 
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2. Appreciable amounts of the isotope appeared 
in the egg yolk but not in the white and shell 
fractions. The inconstant very small amounts of 
(non-radioactive) zinc found in egg white and egg 
shell by other workers, and in the white by ourselves, 
were probably due largely or entirely to contami- 
nation. 

3. After a single intramuscular injection of the 
isotope into hens the most highly radioactive eggs 
were those laid 5-10 days after the injection. In the 
longest series of eggs studied, about 20% of the 
injected Zn was eliminated in the egg yolks in 
37 days, and eggs laid at the end of this period still 
contained appreciable amounts of ®Zn. 

4. The ©Zn in the egg yolks was associated with 
the lipovitellin, and was attached to the protein 
component (vitellin) of this complex; none was 
present in the livetin, phosvitin or yolk lipid 
fractions. 

5. The ®Zn present in the lipovitellin was firmly 
bound. It did not undergo exchange in vitro at 
pH 7-4 with the zine of zine-glycine, and very little 
of it could be removed by dialysis for 72 hr. The 
%5Zn content of any one sample of lipovitellin 
remained constant, in relation to the nitrogen and 
phosphorus contents, when the lipoprotein was 
reprecipitated twice. 

6. The possible significance of the zine in egg 
yolk is briefly discussed. 


We are pleased to express our indebtedness to Prof. P. B. 
Moon, F.R.S., Dr W. I. B. Smith and Prof. J. Rotblat, 
through whose good offices we obtained irradiated copper 
strips from the Birmingham Cyclotron. Dr T. E. Banks has 
supervised the maintenance of our electronic equipment and 
weare especially grateful for his unfailing help in this respect. 
The expenses of this research were partly defrayed by 
grants from the British Empire Cancer Campaign and the 
Medical Research Council. 
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The in vitro Enzymic Hydroxylation of Steroid Hormones 


1. FACTORS INFLUENCING THE ENZYMIC 118-HYDROXYLATION 
OF 11-DEOXYCORTICOSTERONE 


By A. C. BROWNIE anp J. K. GRANT 
Biochemistry Department, University of Edinburgh 


(Received 13 October 1952) 


The appreciation of the profound influence of steroid 
hormones of the adrenal gland on metabolism, and 
an interest in the biogenesis of adrenocortical 
hormones stimulated many workers to investigate 
enzymic hydroxylation of adrenal steroids. Thus 
Hayano, Dorfman & Prins (1949) and Hayano, 
Dorfman & Yamada (1951) incubated 11-deoxy- 
corticosterone (DOC) with adrenal slices, minces and 
‘homogenates’ and observed an increased glyco- 
genic activity in the products which they ascribed to 
the formation of 118-hydroxysteroids. Adenosine 
triphosphate (ATP), fumarate and magnesium ions 
stimulated the reaction when ‘homogenates’ were 
used. Savard, Green & Lewis (1950) obtained 
evidence for the formation of 118-hydroxy deriva- 
tives from DOC and 17«-hydroxy-11-deoxycortico- 
sterone on incubation with adrenal ‘homogenates’ 
without added fumarate or other cofactors. 
McGinty, Smith, Wilson & Worrel (1950) isolated 


17«-hydroxycorticosterone as a transformation 
product of 17«-hydroxy-11-deoxycorticosterone 
incubated with adrenal ‘homogenates’ supple- 
mented with glucose and fumarate. Kahnt & 
Wettstein (1951) found that ATP or adenylic acid 
could replace fumarate as a cofactor in the 11{- 
hydroxylation reaction. Nicotinamide stimulated 
the reaction, suggesting a requirement for pyridine 
nucleotides. Glucose, inorganic phosphate and 
magnesium ions were without effect. These authors 
suggested that processes of oxidative phosphoryla- 
tion may be involved, and that the steroid hydroxy- 
lation may be catalysed by enzymes of Green’s 
‘eyclophorase’ system (Green, Loomis & Auerbach, 
1948). ‘Cyclophorase’ preparations, however, are 
not cytoplasmically homogeneous (Harman, 1950). 
Credit for showing that 118-hydroxylating enzymes 
are associated with adrenal-cell particles which 
by their method of preparation were mainly 
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mitochondria, is due to Sweat (1951). He isolated 
crystalline 17«-hydroxycorticosterone after incu- 
bation of 17«-hydroxy-11-deoxycorticosterone with 
the adrenal-cell particles in a medium supple- 
mented with glucose, fumarate and magnesium ions. 
Addition of ATP was not necessary. Recently, 
Hayano & Dorfman (1953) have extended their 
studies of steroid hydroxylation using ‘residue 
preparations of twice washed ox-adrenal ‘“‘homo- 
genates”’ obtained at 5000 g’. DOC was converted 
predominantly into corticosterone but other un- 
identified products were also detected. The authors 
claim to have demonstrated the ‘specificity and 
absolute necessity for fumarate and magnesium 
ions and the stimulating capacity of ATP and di- 
phosphopyridine nucleotide (DPN)’. They suggest 
that fumarate may play some part in an energy- 
yielding system for the regeneration of ATP, or that 
it may function as a hydrogen acceptor in the 
steroid-hydroxylation reaction. 

Much of the previous work on enzymic hydroxy- 
lation of steroids is open to the criticisms that 
enzyme preparations and methods of steroid 
analysis have not been satisfactory. These criticisms 
will be dealt with fully in the Discussion. Probably 
on account of these features of earlier investigations, 
the cofactor requirement for the enzymic in vitro 
hydroxylation of steroids is at present unsettled. 
The role of cofactors thought to be necessary is 
unknown and the mechanism of the 118-hydroxyla- 
tion reaction remains to be elucidated. As regards 
the mechanism of hydroxylation, Hayano & Dorf- 
man (1953) have suggested the formation of an un- 
saturated intermediate which adds on the elements 
of water, whereas Levy et al. (1953) propose a 
simpler mechanism involving formation of asteroid 
free radical. As the authors admit, these views are 
at present no more than speculation. 

With a view to studying these outstanding 
problems a preliminary investigation of the in 
vitro enzymic 118-hydroxylation of DOC has been 
made and is now reported. For this purpose a 
purified mitochondrial preparation from ox-adrenal 
cortical tissue has been used. Advantage has been 
taken of a specific, sensitive and accurate method for 
the determination of DOC and related steroids in 
tissue preparations which has been developed in 
this Department (Taylor, 1954). 

A preliminary report of this work has been com- 
municated to the Biochemical Society (Brownie, 
Grant & Taylor, 1953). 


EXPERIMENTAL 


Preparation of mitochondria 


Adrenal glands were obtained from the slaughterhouse from 
oxen killed by stunning and exsanguination. The glands 
were removed from the carcasses within 20 min. of death, 
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stripped of fat and connective tissue and placed in a deep- 
freeze cabinet at — 20° until collected for transport to the 
laboratory packed in crushed ice. Subsequent operations 
were performed at 0-4° and completed within 3 hr. of the 
death of the animal. Cortical tissues (15 g.) were separated 
and finely ground with 45 ml. isotonic (0-25m) sucrose 
using a loosely fitting pestle of an all-glass ‘homogenizer’ 
(Potter & Elvehjem, 1936). Grinding of the tissue was 
continued in an apparatus of similar design having a glass 
tube of accurately uniform internal diameter and a well- 
fitting Nylon pestle grooved longitudinally at three points. 
This apparatus has the advantage of producing ‘homo- 
genates’ with few intact cells. It shows no signs of wear in 
use over long periods (cf. Brendler, 1951). The two-stage 
preparation of the ‘homogenate’ was adopted since it was 
found that adrenocortical cells were not readily broken by 
procedures required for the preliminary disruption of the 
tissue. The Waring Blendor type of apparatus was not used 
since it was found to give a product of low enzymic activity 
when run at high speed, and unacceptably low yields of 
mitochondria when run at low speeds. The former observa- 
tion is in agreement with the findings of Stern & Bird (1949) 
and of Lambden (1950). 

The final ‘homogenate’ was diluted to 90 ml. with 0-25m 
sucrose. Nuclei and intact cells were removed by centri- 
fuging for 10 min. at 700 g. The supernatant was carefully 
removed and centrifuged twice at 5000 g for 10 min. to 
sediment mitochondria. Care was taken to obtain as pure 
a mitochondrial preparation as possible rather than a 
quantitative yield of these particles. Thus poorly packed 
mitochondria which might contain some microsomes were 
discarded during removal of the supernatant (cf. Schneider, 
1949). The mitochondrial pellets were combined, washed 
with 0-25m sucrose and resedimented at 21 000g for 
10 min. In later preparations it has been found convenient 
to obtain firmly packed mitochondria by final sedimentation 
from isotonic (0-154M) KCl. The wet weight of the mito- 
chondrial pellet (about 2 g.) was determined after decanting 
the supernatant fluid and carefully drying the walls of the 
centrifuge tube with filter paper. The mitochondria were 
finally thoroughly dispersed in 9 vol. 0-154M-KCl. Pre- 
parations from the last sucrose wash were occasionally 
examined under a phase-contrast microscope. Whole cells 
were never observed, single nuclei very occasionally. 
Purity was also occasionally checked by a final centrifuga- 
tion of part of the preparation from a 0-01 % solution of 
janus green B prepared in 0-25M sucrose. On incubation for 
5 min. at 37° the blue-stained pellet in the centrifuge tube 
turned red. This reaction is claimed to be specific for mito- 
chondria (Potter, Rechnagel & Hurlbert, 1951). The pellet 
is not disturbed in this test. If nuclei and microsomes are 
present as contaminants they may be distinguished at the 
lower and upper surfaces of the pellet by their staining 
characteristics which differ from those of the mitochondria. 


Preparation of 11-deoxycorticosterone 


11-Deoxycorticosterone acetate was hydrolysed at 37° by 
the method of Mattox & Kendall (1951). DOC was re- 
covered from the acid hydrolysate by extraction with CHC,. 
The residue obtained after distillation of the washed CHCl, 
extract was crystallized from ether and ether:acetone 
(Reichstein & Euw, 1938). to give a product melting at 
138-142°, unchanged by admixture with an authentic 
sample of DOC. [a]P + 178-8+1-2° in ethanol (c, 0-493). 
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Table 1. Recovery of DOC and corticosterone added to reaction mixtures which had been incubated 
with adrenocortical mitochondria 


Values have been corrected by subtraction of ‘apparent’ steroid recovered in blank control experiments in which no 


steroids were added—20yg. for either steroid. 


Extraction control experiments 








DOC Corticosterone 
f= Zs > <5 aaeeg =) 
Added Recovered Recovery Added Recovered Recovery 
(ug-) (ug-) (%) (ug-) (u8-) (%) 
524 500 96 125 122 97 
470 465 99 99 97 98 
36 34 94 36 33 92 


Steiger & Reichstein (1937) reported [«]#+178+3° for 
DOC in ethanol (c, 1-5). (Found: C, 76-3; H, 9-2. Cale. for 
Cy3H390, : C, 76-2; H, 9-1%.) 


Incubation conditions 


Jnless otherwise stated, in all experiments 25 ml. conical 
flasks were charged with the following reaction mixture: 
0-095m-KCl, 0-004m-MgSO,, 0-04m potassium phosphate, 
pH 7-4, and a mitochondrial suspension in KCl solution 
containing about 1-4 mg. total N. The total vol. was 3 ml. 
Members of the citric acid cycle, cofactors or inhibitors were 
added as potassium salts wherever possible in solution at 
pH 7-4. When additions were made to the reaction mixture 
the amount of KCl present was adjusted to maintain a total 
cationic concentration of 0-141-0-151m. A propylene glycol 
(propane-1:2-diol) solution of DOC, containing about 
500 ug. steroid in 0-04 ml., was added from a Burroughs 
Wellcome ‘ Agla’ microburette immediately after addition 
of the mitochondrial preparation. The best results were 
obtained in this way and it seems likely that the steroid is 
precipitated out of solution on tothe mitochondrial particles 
and is thus more readily assimilated. Glass-distilled water 
was used for all solutions and pH values were checked by 
glass electrode. Unless otherwise stated, incubations were 
in air, shaking for 1 hr. at 37°. 


Determination of DOC and corticosterone 


DOC and corticosterone in reaction mixtures were deter- 
mined by an adaptation of the method described by Taylor 
(1954) for progesterone. Acetone extracts were not chilled. 
The aqueous-acetone filtrate obtained after removal of 
protein was distilled to an aqueous residue from which 
steroids were extracted by benzene:chloroform (6:1,v/v). 
DOC in a portion of this extract was separated by partition 
chromatography on a Celite column using a benzene: hexane 
(3:7, v/v) mobile phase and methanol: water (7:3, v/v) 
Stationary phase. The eluate fraction from 15 to 25 ml. 
contained DOC. Corticosterone was separated similarly 
from another portion of the benzene:chloroform extract 
using the solvent system benzene:hexane (8:2, v/v), 
methanol: water (7:3, v/v), and was eluted in the fraction 
from 18 to 26ml. Fractions containing DOC or corti- 
costerone were evaporated to dryness under an air stream. 
The residues were taken up in ethanol and the absorption of 
solutions measured at 240 mu. in a 1 cm. cell of a Unicam 
SP 500 Spectrophotometer. The amounts of steroid present 
were found by reference to calibration curves. 

Typical results for the recovery of DOC and corticosterone 
added to incubated reaction mixtures are shown in Table 1. 
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Table 2. Recovery of steroids absorbing selectively at 
240 mp. in DOC and corticosterone chromatogram 
fractions after incubation of DOC with adreno- 
cortical mitochondria 


Cortico- 
DOC DOC sterone Total recovery 
incubated recovered recovered —— 
(umoles) (umoles) (moles) (moles) (%) 
1-72 0-26 1-32 1-58 92 
1-42 0-27 1-07 1-34 94-5 


In a series of 20 experiments DOC recoveries at the 500 yg. 
level were 96+1%. 

Every experiment included duplicate flasks to which DOC 
was added after incubation to permit a check to be made of 
the extraction procedure (‘extraction controls’). ‘ Apparent’ 
DOC or corticosterone was determined in experiments with- 
out added steroid (‘blank controls’); the values so found 
were consistently very low and subsequently were only 
determined occasionally. A mean blank value was sub- 
tracted in all DOC and corticosterone determinations. The 
concentration of DOC in the propylene glycol solutions used 
was determined accurately in every experiment by measur- 
ing the optical density at 240 mu. after dilution with ethanol, 
and by reference to a calibration curve. The values found 
were used in calculations of percentage DOC recovered in 
‘extraction controls’ and hydroxylation experiments. 


RESULTS 


Identification of corticosterone as the product ob- 
tained on incubation of DOC with adrenocortical 
mitochondria 

For the experiments to be described in this section 

DOC was incubated with adrenocortical mito- 

chondria in reaction mixtures containing 0-002M 

fumarate. The metabolic product eluted from Celite 
columns in the ‘corticosterone fraction’ described in 
the Experimental section absorbed selectively at 

240 mp. and accounted quantitatively for the 

amount of DOC which had disappeared. Typical 

results are shown in Table 2. 

In support of this suggestive evidence that the 
single metabolic product is corticosterone, the 
material eluted in the ‘corticosterone fraction’ was 
run on paper-strip chromatograms using the solvent 
systems B,, B, and B, of Bush (1952). Mixed 
chromatograms of authentic corticosterone and 
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metabolic product, metabolic product alone and 
authentic corticosterone alone were run and de- 
veloped with the 15% phosphoric acid reagent of 
Neher & Wettstein (1951). All chromatograms 
showed spots with a green fluorescence in the ultra- 
violet, which had run to the same position on the 
strips. Approximately 50 yg. quantities of meta- 
bolic product, authentic DOC and corticosterone 
were treated with 4 ml. conc. sulphuric acid for 
1 hr. at 37° (Zaffaroni, 1950), and absorption curves 
of the chromogens were determined in a Unicam 
SP 500 Spectrophotometer. Curves with metabolic 
product and corticosterone showed maxima at 285, 
326, 372 my. and between 455 and 465 mu. 

Thus although complete proof has not been ob- 
tained, it appears very probable that the pre- 
dominant or single metabolic product obtained on 
incubation of adrenocortical mitochondria with 
DOC is corticosterone. 


Citric acid cycle intermediates as activators 
of DOC 118-hydroxylation 

The results of typical experiments with and 
without intermediates of the citric acid cycle (called 
for brevity ‘cycle intermediates ’) (0-002 mM) added to 
the reaction mixture are shown in Fig. 1. It is 
evident that the presence of certain ‘cycle inter- 
mediates’ will permit the 11f-hydroxylation of 
DOC. Pyruvate has a negligible effect, whereas 
citrate, oxaloacetate, L-malate, fumarate, succinate 
and «-ketoglutarate («-oxoglutarate) are effective. 
0-:0005mM-ATP or adenosine diphosphate (ADP) 
alone are without effect but these substances 
enhance the hydroxylation obtained with added 
‘cycle intermediates’. A typical result with suc- 
cinate supplemented with ATP is included in 
Fig. 1. 

The observed requirements for ‘cycle inter- 
mediates’ in the DOC hydroxylation reaction sug- 
gested the possibility of a relationship between 
steroid hydroxylation and oxidation of the added 
‘cycle intermediate’. This was investigated by 
oxygen-consumption measurements made by the 
usual Warburg technique (Umbreit, 1949). From 
the results shown in Fig. 1, it may be seen that the 
‘eycle intermediates’ which are oxidized more 
rapidly are the more effective activators of DOC 
hydroxylation. ATP which increased the rate of 
oxidation of ‘cycle intermediates’ has a corre- 
sponding stimulating effect on their ability to 
activate DOC hydroxylation. Similar results were 
obtained with ADP. These respiration studies are 
complicated by the observation that the oxidation 
of the ‘cycle intermediate’ is inhibited by the DOC 
present. In circumstances, under which the inhibi- 
tion by DOC is sufficiently marked, steroid hydroxy- 
lation may be completely suppressed. Such a case is 
illustrated in Table 3. The use of oxaloacetate as 
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No activator 
Pyruvate 
Citrate 
Oxaloacetate 
Malate 
Fumarate 
Succinate 
Oxoglutarate 
Succinate +ATP 


i i297 6 2 © 50 100 
—Qo, DOC hydroxylated (%) 


Fig. 1. DOC 11f-hydroxylation and oxygen consumption 
by adrenocortical mitochondria incubated in air for 1 hr. 
at 37°. Reaction mixture contained 0-095m-KCI, 
0-004m-MgSO,, 0-04m potassium phosphate (pH 7-4); 
‘activators’ added as 0-002 potassium salts (pH 7-4), 
ATP as 0-0005mM potassium salt (pH 7-4), mitochondria 
(about 1-4 mg. total N) and 0-04 ml. propylene glycol 
containing about 500 ug. DOC; total volume, 3 ml. 


Table 3. Influence of DOC on oxidation of tricarb- 
oxylic acid cycle intermediates in relation to DOC 
hydroxylation 
DOC was added as a solution in 0-04 ml. propylene 

glycol. Propylene glycol alone was added to vessels with- 

out DOC. 


DOC DOC DOC ‘Cycle 
added recovered recovered intermediate’ 
(ug-) (ug-) (%) (0-002) — Qo, 
0 — — Oxaloacetate 5-6 
490 460 94 Oxaloacetate 0-6 
0 — a L-Malate 10-6 
500 5 1 L-Malate 7:8 


‘activator’ normally permits about 40% hydroxy- 
lation of DOC (see Fig. 1). 

The circumstances giving rise to the differing 
results reported in Table 3 and Fig. 1 are at present 
not clear. It is possible that the difference may be 
attributed to variations in the enzyme preparation 
or to the age of the adrenal glands used. 

In the present case suppression of oxidation has 
resulted in failure of DOC hydroxylation. When 
malate was used as ‘activator’, oxidation was not 
as markedly suppressed by the added steroid, and 
hydroxylation of DOC was almost complete. 


The effect of magnesium ions on 
118-hydroxylation of DOC 
Cohen (1953) observed an increased requirement 
for magnesium ion when citrate oxidation is used as 
an energy source for certain synthetic reactions in 
liver ‘homogenates’. As this offered an explanation 
for the poor activation of DOC hydroxylation by 
citrate, the effect of varying the magnesium ion 
concentration was studied. The results shown in 
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Fig. 2 indicate no increase in DOC hydroxylation in 
presence of citrate with increased concentration of 
magnesium ion. In view of the claims of Hayano & 
Dorfman (1953) it was surprising to observe (Fig. 2) 
that DOC hydroxylation was diminished but not 
abolished when added magnesium ion was absent 
from the reaction mixture using succinate as acti- 
vator. A 2 g. mitochondrial pellet containing 30 mg. 
total N was ashed and found to contain less than 
10 pg. magnesium oxide by spectrographic analysis. 
Thus the usual reaction mixtures containing 1-4 mg. 
mitochondrial total N might be expected to contain 
less than 3-8 x 10-*m magnesium ion. 


Effect of different concentrations of fumarate 
and succinate on 118-hydroxylation of DOC 


If fumarate functions as a hydrogen acceptor 
for DOC oxidation, according to the reaction 
fumarate + 2H — succinate, an adequate concen- 
tration of fumarate might be expected to permit 
118-hydroxylation to proceed in the absence of 
oxygen. Similarly, increasing amounts of succinate 
might be expected to have an inhibitory effect. To 
test the first possibility, anaerobic experiments 
with varying concentrations of fumarate were per- 
formed in evacuated Thunberg tubes. Results 
shown in Fig. 3 (a) indicate that no hydroxylation 
occurs in absence of oxygen with concentrations of 
fumarate up to 0-01m. The extensive metabolism of 
DOC in the control tubes opened to the air after 
evacuation demonstrates that the mitochondrial 
enzymes involved are undamaged by subjection to 
low pressures. 














Citrate +0-01 m-MgSO, 
Citrate +0-005 m-MgSO, 


Succinate 

+0-01 m-MgSO, 
Succinate 
+0-005 m-MgSO, 


Succinate (no added MgSO,) 


Fumarate 
+0-005 m-MgSO, 


Fumarate (no added MgSO.) 


0 25 50 75 100 
DCC hydroxylated (%) 


Fig. 2. Effect of Mg?+ on 11f-hydroxylation of DOC by 
adrenocortical mitochondria incubated in air for 1 hr. at 
37°. Reaction mixture contained 0-095m-KCl, 0-04m 
potassium phosphate (pH 7-4); ‘activators’ added as 
0-002 potassium salts (pH 7-4), ATP as 0-0005M potas- 
sium salt (pH 7-4), mitochondria (about 1-4 mg. total N), 
MgSO, in concentration shown and 0-04 ml. propylene 
glycol containing about 500 ug. DOC; total volume, 3 ml. 
Double lines at the ends of bars indicate duplicate 
values. 
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The effect of increasing the concentration of 
succinate (Fig. 3 (b)) was to increase DOC meta- 
bolism. 


The effect of malonate and the activation of DOC 
hydroxylation by the oxidation of «-oxoglutarate to 
succinate 


The results of experiments described in the 
previous sections indicate that the concurrent 
oxidation of certain ‘cycle intermediates’ will 
enable 118-hydroxylation of DOC to proceed. These 
experiments, however, have not eliminated the 
possibility of some special requirement for fumarate 
since this substance will be formed from other 
intermediates by operation of the citric acid cycle. 
The formation of fumarate may be prevented by the 
use of malonate. 

Further, it appeared to be of interest to determine 
whether the ‘one step’ reaction «-oxoglutarate > 
succinate could activate 11f8-hydroxylation of 
DOC. The results shown in Fig. 4 indicate that the 


Anaerobic 













0-001 m Fumarate 
0-002 m Fumarate 
0-005 ™ Fumarate 
0-01 » Fumarate 
Control tubes opened to air after evacuation 

0-001 Fumarate 

0-002 Fumarate 

0-005 Fumarate 

0-01 ™ Fumarate 






0 25 50 75 100 
DOC recovered (%) 


Fig. 3 (a). Effect of varying fumarate concentrations on 
118-hydroxylation of DOC. 


No succinate 
0-001 Succinate 
0-002 » Succinate 
0-005 m Succinate 
0-02™ Succinate 


0 25 50 75 100 
DOC recovered (%) 


Fig. 3 (). Effect of varying succinate concentration on 
118-hydroxylation of DOC in adrenocortical mito- 
chondria. Reaction mixtures contained 0-095m-KCl, 
0-004m-MgSO,, 0-04m potassium phosphate (pH 7-4); 
‘activators’ added as potassium salts (pH 7-4), mito- 
chondria (about 1-4 mg. total N) and 0-04 ml. propylene 
glycol containing about 500 ug. DOC; total volume, 3 ml. 
Incubation for 1 hr. at 37°. Double lines at the ends of 
bars indicate duplicate values. 
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activation of hydroxylation by 0-002™m succinate 
is almost completely abolished by 0-01m malonate. 
With succinate oxidation blocked in this way it was 
observed (Fig. 4) that the ‘one step’ oxidation «- 
oxoglutarate — succinate enabled DOC hydroxyla- 
tion to proceed. It thus appears that any specific 
role for fumarate is excluded. 


Effect of 2:4-dinitrophenol on 11 B-hydroxylation 
of DOC 

Since the ‘cycle intermediates’ might be involved 
in processes of oxidative phosphorylation resulting 
in the activation of DOC for hydroxylation, the 
effect of 2:4-dinitrophenol on the reaction was 
investigated. This substance is well known to 
‘uncouple’ oxidative phosphorylation (Loomis & 
Lipmann, 1948). The addition of 2 x 10-*m dinitro- 







Succinate 
Succinate +0-005 » malonate 


Succinate + 0-01 ™ malonate 


a-Oxoglutarate 


a-Oxoglutarate 
+0-005™ malonate 
a-Oxoglutarate 
+0001 ™ malonate 


0 25 50 75 100 
DOC hydroxylated (%) 


Fig. 4. Effect of malonate on 118-hydroxylation of DOC by 
adrenocortical mitochondria incubated in air for 1 hr. at 
37°. Reaction mixtures contained 0-095M-KCl, 0-004M- 
MgSO,, 0-04m potassium phosphate (pH 7-4), ATP as 
0-0005mM potassium salt (pH 7-4), malonate as potassium 
salt (pH 7-4), at concentration shown, mitochondria 
(about 1-4 mg. total N) and 0-04 ml. propylene glycol 
containing about 500yug. DOC; total volume, 3 ml. 
‘Activators’ added as 0-002 m potassium salts (pH 7-4). 
Double lines at the ends of bars indicate duplicate values. 


Fumarate 


Fumarate + DNP 


Fumarate + ATP 
Fumarate +ATP +DNP 


108 6 4 2 0 50 100 
-Qo, DOC hydroxylated (%) 


Fig. 5. Effect of 2:4-dinitrophenol on 11 8-hydroxylation of 
DOC and oxygen consumption. Reaction mixture con- 
tained 0-095m-KCl, 0-004mM-MgSO,, 0-04m potassium 
phosphate (pH 7-4), fumarate added as 0-002 potassium 
salt (pH 7-4), ATP as 0-0005m potassium salt (pH 7-4), 
2:4-dinitrophenol as 0-0002M potassium salt (pH 7-4), 

mitochondria (about 1-4mg. total N) and 0-04 ml. 

propylene glycol containing about 500yg. DOC; total 

volume, 3 ml. Incubation in air for 1 hr. at 37°. 





phenol caused marked inhibition of DOC hydroxy- 
lation without having any significant effect on the 
observed oxygen uptake (Fig. 5). 


DISCUSSION 


In the preliminary investigation of the in vitro 
enzymic hydroxylation of steroids now reported, 
a method for the determination of DOC has been 
used which permits the recovery of 96 + 1% of this 
steroid added to preparations of mitochondria. 
After incubation of DOC with the mitochondria, 
recoveries of unchanged DOC plus metabolic 
product as measured by specific absorption at 
240 mu. were of the same order. The percentage 
recoveries are based upon the actual amount of 
DOC added to the reaction mixture. These results 
compare favourably with those obtained by 
analytical procedures previously reported. For 
example, Hayano & Dorfman (1953) have made use 
of a method which permits the recovery of 86% 
DOC in unincubated control experiments. After 
incubation the recovery of unchanged DOC plus 
metabolic products was 80+5%. These authors 
state that ‘these figures were taken as indices of 100 
in the calculation of the percentage of products 
formed’. Percentage recovery of metabolic products 
would thus appear unduly high. 

In the present investigation the identity of the 
metabolic product with corticosterone and the 
complete absence of other products have not been 
proved with certainty. Nevertheless, the evidence 
obtained supports the view that DOC hydroxyla- 
tion in adrenocortical mitochondria may be largely 
restricted to the 118 position. This concept may be 
of more general application, since Plager & Samuels 
(1953) have shown that hydroxylation of pro- 
gesterone at the 17 and 21 positions is catalysed by 
enzymes in the ‘supernatant’ fraction of adrenal 
‘homogenates’, and that further hydroxylation at 
the 118 position is brought about by the mito- 
chondrial fraction. 

The enzyme system responsible for steroid 11£- 
hydroxylation appears to be associated with the 
mitochondria of adrenocortical cells (Sweat, 1951). 
It is not yet known which cells are concerned nor 
have the enzymes been obtained in soluble form. 
Although the best methods available at present for 
the preparation of morphologically and biochemic- 
ally intact mitochondria are far from ideal, they are 
preferable to the procedures frequently used in 
preparation of adrenal tissue for steroid-hydroxyla- 
tion studies. Thus, for example, adrenal cell 
‘homogenates’ have been prepared in water or 
saline by the Waring Blendor (Hayano & Dorfman, 
1952; Hayano et al. 1951), which when used without 
speed reduction is known to break up nuclei and 
mitochondria as well as whole cells (Hogeboom, 
1951; Sarkar, Beinert, Fuld & Green, 1952). The 
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mitochondria in such preparations exposed to water 
or hypotonic media sustain damage resulting in 
the release of water-soluble proteins, nucleotides, 
enzymes and cofactors (Kennedy & Lehninger, 
1949; Huennekens & Green, 1950; Schneider, 1949; 
Berthet, Berthet, Appelmans & Duve, 1951). 
Incubation of whole ‘homogenates’ results in 
extensive destruction of pyridine nucleotides by 
enzymes released from damaged cell components 
(Mann & Quastel, 1941). Saline-washed sediments 
are relatively free from soluble proteins including 
released nucleotidases. Nevertheless, they contain 
a mixture of nuclei and mitochondria, intact and 
damaged by the Waring Blendor and by exposure 
to saline, and of microsomes agglutinated by the 
electrolytes present (Schneider & Hogeboom, 1951). 
The use of such preparations in the study of steroid 
hydroxylation (Hayano & Dorfman, 1953) must 
incur the danger of producing artificial steroid 
metabolic products by interruption of normal 
metabolic pathways in damaged-cell component 
particles or by abnormal interaction of enzymes from 
different cell components. Experiments with washed 
sediments can give no indication of the location 
of steroid-hydroxylating enzyme systems in the cell. 

The use of mitochondria isolated in sucrose 
solutions offers several advantages in the pre- 
liminary study of steroid hydroxylation. Whole 
cells, nuclei and soluble proteins may be eliminated 
so that their effect need not be considered when 
interpreting results. Contamination by microsomes 
is not extensive. Schneider (1953) has estimated 
this to be about 5% of the volume of the mito- 
chondrial sediment. The reduction in the amount of 
cellular material employed simplifies steroid analysis. 
Isolated mitochondria retain many dehydrogenases 
with intact hydrogen- and electron-transporting 
mechanisms and can catalyse oxidative phosphory- 
lation (Potter, Lyle & Schneider, 1951). Hayano & 
Dorfman (1953), using washed sediments, were 
unable to demonstrate 118-hydroxylation of DOC 
in absence of added magnesium. The 118-hydroxy- 
lation of DOC observed in experiments now re- 
ported in which added magnesium was not required 
may reflect the intact state of the mitochondria 
employed. With mitochondria, corticosterone has 
been obtained as the probable single product of 
DOC hydroxylation. Hayano & Dorfman (1953) 
obtained corticosterone and other unidentified 
products. It remains to be proved that these other 
products are not artifacts produced by the washed 
sediment enzyme preparation used by these workers. 

Although the use of isolated mitochondria has 
advantages for the preliminary study of steroid 
hydroxylation it must not be forgotten that other 
cell components may have an influence on steroid 
hydroxylation as it occurs in the intact adrenal cell. 
118-Hydroxylating enzymes may occur in other 
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parts of the cell but may be dependent on mito- 
chondria for energy production or for the provision 
of terminal electron-transporting mechanisms. 
These possibilities might be investigated by deter- 
mining the 11f8-hydroxylating capacity of the 
whole cell as compared with that of mitochondria 
isolated in maximum yield. Schneider & Hogeboom 
(1951) and Schneider (1953) have drawn attention to 
the importance and to the difficulties of obtaining 
evidence of this nature. 

Any explanation of steroid 118-hydroxylation 
must account for the role of members of the citric 
acid cycle in the reaction. The results of the present 
investigation have confirmed the observations of 
other workers that the concurrent oxidation of 
members of the citric acid cycle permits steroid 
118-hydroxylation to proceed. It has now been 
shown that 118-hydroxylation is inhibited if 
succinate oxidation is blocked by malonate. The 
‘single step’ oxidation of a-oxoglutarate to succi- 
nate in the malonate-blocked system has been 
shown to permit 118-hydroxylation. This observa- 
tion eliminates the possibility that fumarate has 
some specific role in the reaction. The failure of 
fumarate to stimulate 118-hydroxylation under 
anaerobic conditions, and the failure of high con- 
centrations of succinate to inhibit 118-hydroxyla- 
tion do not support the suggestion that fumarate 
acts as a hydrogen acceptor. It is very likely that 
added fumarate enters the citric acid cycle and 
thereby provides substrates for oxidative reactions 
coupled with 118-hydroxylation. 

A number of explanations may be offered for the 
variation in efficiency of different substances as 
activators of 118-hydroxylation. Oxaloacetate is 
not an efficient activator. Low concentrations of 
this substance inhibit oxidation of succinate 
(Pardee, Potter & Lyle, 1948) and malate (Elliott, 
1941). Less efficient functioning of the citric acid 
eycle and less rapid 118-hydroxylation of DOC 
would thus be expected when oxaloacetate is added 
as activator as compared with succinate which has 
no such inhibitory actions. The poor activation 
obtained with citrate is not explained by the ability 
of this substance to remove magnesium ions. The 
observation that citrate does not readily pass 
through mitochondrial membranes (Schneider, 
1953) offers a probable explanation of the poor 
effect of added citrate. In addition, it is known that 
the isocitric dehydrogenase activity of isolated 
mitochondria is low (Hogeboom & Schneider, 1950). 
These observations indicate a limitation of the in 
vitro technique since mitochondria in the intact cell 
are not normally confronted with the necessity to 
utilize high concentrations of individual members 
of the citric acid cycle. 

Kahnt & Wettstein (1951) suggested that oxi- 
dative phosphorylation might. be involved in 
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steroid 118-hydroxylation, but hitherto no evidence 
has been produced to support this suggestion. It 
has now been shown that 2:4-dinitrophenol inhibits 
118-hydroxylation of DOC without decreasing the 
oxidation of the activator. 2:4-Dinitrophenol used 
in low concentrations, which do not inhibit respira- 
tion, is well known to ‘uncouple’ phosphorylation 
from oxidation (Loomis & Lipmann, 1948). The role 
of members of the citric acid cycle in the 11f- 
hydroxylation of DOC would thus appear to be that 
of oxidizable substrates for processes of oxidative 
phosphorylation possibly involved in activation of 
the DOC before hydroxylation. 

In view of the successful linking of 118-hydroxy- 
lation of DOC with the ‘single step’ oxidation of 
a-oxoglutarate to succinate, it is interesting to note 
that Copenhaver & Lardy (1952) observed the 
highest ‘phosphorus esterified/oxygen consumed’ 
ratio for this particular step of the citric acid cycle. 

Only those oxidations involving members of the 
citric acid cycle as substrates have been considered 
in this report. It is possible, however, that other 
oxidations coupled with phosphorylation occurring 
in the adrenal cortex cells are equally capable of 
‘activating’ 118-hydroxylation of DOC. Since it is 
probable that in many cases oxidative phosphoryla- 
tion is associated with hydrogen- and electron- 
transporting steps of biological oxidation rather 
than with the primary dehydrogenation (Hunter, 
1951), oxidation of reduced pyridine nucleotide 
coenzymes would be expected to activate 11f- 
hydroxylation of steroids. Indeed the linking of 
such hydroxylations with processes of oxidative 
phosphorylation calls for care when discussing 
cofactor requirements. It will be necessary to 
distinguish between cofactors involved in energy- 
producing reactions and those concerned more 
directly with steroid hydroxylations. In this 
connexion the observation of Hayano, Wiener & 
Lindberg (1953) is of interest. They found that 
triphosphopyridine nucleotide alone was able to 
replace the three cofactors—magnesium ions, 
adenosine triphosphate and diphosphopyridine 
nucleotide—which were required to regenerate the 
steroid-hydroxylating activity of enzyme prepara- 
tions from stored adrenal tissue. A probable inter- 
pretation of this result is that triphosphopyridine 
nucleotide, required for some step of the hydroxyla- 
tion reaction, is washed out of or destroyed by 
damaged particles prepared from the stored tissue 
cells. The enzyme preparation may still retain the 
ability to synthesize triphosphopyridine nucleotide 
from diphosphopyridine nucleotide and adenosine 
triphosphate with magnesium ion as cofactor by 
reactions described by Kornberg (1951). It remains 
to be proved however that triphosphopyridine 
nucleotide acts as a hydrogen acceptor for a reaction 
in which DOC is directly involved. 
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It has usually been found necessary to add 
magnesium ions to reaction mixtures when studying 
oxidative phosphorylations (Lehninger, 1951). If 
such reactions are required for activation of 11- 
hydroxylation of DOC, the hydroxylation reported 
above with very low magnesium ion concentrations 
would be difficult to explain. It is, however, equally 
difficult to explain the failure to inhibit oxidative 
phosphorylation by 0-02m ethylenediaminetetra- 
acetic acid (Lehninger, 1951) since this substance is 
known to form magnesium complexes with ex- 
tremly low dissociation constants. 

The observation that added adenosine triphos- 
phate alone is unable to activate 118-hydroxylation 
of DOC may be related to the similar observation of 
Kennedy & Lehninger (1948, 1951) in the case of the 
‘priming’ of fatty-acid oxidations. This may find an 
explanation in the fact that added adenosine tri- 
phosphate is less readily available for intramito- 
chondrial reactions, than that generated within the 
mitochondria (Siekevitz & Potter, 1953). 

It has frequently been observed that certain 
adrenocortical steroids inhibit biological respira- 
tions in vitro. In particular, Sourkes & Heneage 
(1952) found that DOC inhibited the oxidation of 
certain citric acid: cycle intermediates by rat- 
adrenal slices. Hayano & Dorfman (1953) noted the 
inhibitory effect of increasing concentrations of 
DOC on the 11f8-hydroxylation of this steroid by 
adrenal-tissue preparations. The significance of 
these observations in relation to 118-hydroxylation 
may be more fully appreciated now that it has been 
shown that the hydroxylation reaction depends 
upon concurrent oxidation of suitable substrates, as 
for instance in the operation of the citric acid cycle, 
coupled with phosphorylation. The rate of steroid 
hydroxylation may thus be controlled by the 
amount of steroid present, the control being effected 
by the influence of the steroid on oxidations of the 
citric acid cycle. It is not yet possible to decide 
whether such a control mechanism has any physio- 
logical significance. It points, however, to the 
possibility that hormones influence enzyme re- 
actions while they themselves are undergoing meta- 
bolic changes. 

In view of the obvious complexity of the enzymic 
118-hydroxylation of steroids it seems premature 
to adopt the name ‘118-hydroxylase’ proposed by 
Hayano & Dorfman (1953). The term ‘118-hydroxy- 
lating enzyme system’ would be more appropriate 
at present. 


SUMMARY 


1. A preliminary investigation of the in vitro 
118-hydroxylation of 11-deoxycorticosterone (DOC) 
by ox-adrenocortical mitochondria has been made. 

2. The reaction has been shown to require con- 
eurrent oxidative phosphorylation, for which added 
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citric acid cycle intermediates are oxidizable sub- 
strates. The relative efficiency of the intermediates 
in this role is discussed. 

3. Fumarate is not specifically required and the 
reaction will proceed in the absence of added 
magnesium ions. 

4. The preparation of cell fractions containing 
steroid 118-hydroxylating enzymes is discussed. 
Cofactor requirements are discussed in relation to 
energy-producing and steroid-hydroxylating re- 
actions. 

5. Attention has been drawn to the manner in 
which certain steroids may influence their own 
hydroxylation through their effect on oxidative 
reactions of the citric acid cycle. 


It is a pleasure to record our appreciation of the interest 
which Prof. G. F. Marrian, F.R.S., has shown in this work, 
and to thank him for hisencouragement. The expenses of the 
work were defrayed in part by a grant to Prof. Marrian from 
the Medical Research Council. The DOC was a generous 
gift from Dr C. L. Hewett, Organon Laboratories Ltd., 
Newhouse, Lanarkshire. British Ropes Ltd., Leith, gave 
the Nylon pestles for the tissue-disintegrators. The co- 
operation of the manager and staff of the Offals Department, 
Wholesale Meat Marketing Association, Edinburgh, in the 
collection of fresh adrenal glands was of the greatest value. 
We are indebted to Dr J. W. Minnis for microanalyses, to 
Dr E. Gilchrist, Clinical Laboratory, Royal Infirmary, 
Edinburgh, for nitrogen determinations, to Mr A. B. 
Calder, Edinburgh and East of Scotland College of Agri- 
culture, for magnesium determinations, and to Mr D. W. 
Davidson for skilled technical assistance. 


REFERENCES 


Berthei, J., Berthct, L., Appelmans, F. & Duve, C. de, 
(1951). Biochem. J. 50, 182. 

Brendler, H. (1951). Science, 114, 61. 

Brownie, A.C., Grant, J. K. & Taylor, W. (1953). Biochem. J. 
55, xxii. 

Bush, I. E. (1952). Biochem. J. 50, 370. 

Cohen, S. (1953). J. biol. Chem, 201, 93. 

Copenhaver, J. H. & Lardy, H. A.(1952). J. biol. Chem. 195, 
225. 

Elliott, K. A. C. (1941). Physiol. Rev. 21, 267. 

Green, D. E., Loomis, W. F. & Auerbach, V. H. (1948). 
J. biol. Chem. 172, 389. 

Harman, J. W. (1950). Exp. Cell Res. 1, 382. 

Hayano, M. & Dorfman, R. I. (1952). Arch. Biochem. 
Biophys. 36, 237. 

Hayano, M. & Dorfman, R. I. (1953). J. biol. Chem. 201, 175. 

Hayano, M., Dorfman, R. I. & Prins, D. A. (1949). Proc. Soc. 
exp. Biol., N.Y., 72, 700. 

Hayano, M., Dorfman, R. I. & Yamada, E. Y. (1951). 
J. biol. Chem. 198, 175. 

Hayano, M., Wiener, M. & Lindberg, M.C. (1953). Fed. Proc. 
12, 216. 

Hogeboom, G. H. (1951). Fed. Proc. 10, 640. 

Hogeboom, G. H. & Schneider, W. C. (1950). J. biol. Chem. 
186, 417. 

Huennekens, F. M. & Green, D. E. (1950). Arch. Biochem. 
27, 418. 


Hunter, F. E. (1951). In Phosphorus Metabolism, 1, 297, 
eds. W. D. McElroy and B. Glass. Baltimore: The Johns 
Hopkins Press. 

Kahnt, F. W. & Wettstein, A. (1951). Helv. chim. acta, 34, 
1790. 

Kennedy, E. P. & Lehninger, A. L. (1948). J. biol. Chem. 
173, 753. 

Kennedy, E. P. & Lehninger, A. L. (1949). J. biol. Chem. 
179, 957. 

Kennedy, E. P. & Lehninger, A. L. (1951). J. biol, Chem. 
190, 361. 

Kornberg, A. (1951). In Phosphorus Metabolism, 1, 392, 
eds. W. D. McElroy and B. Glass. Baltimore: The Johns 
Hopkins Press. 

Lambden, M. P. (1950). Fed. Proc. 9, 193. 

Lehninger, A. L. (1951). In Phosphorus Metabolism, 1, 344, 
eds. W. D. McElroy and B. Glass. Baltimore: The Johns 
Hopkins Press. 

Levy, H., Jeanloz, R. W., Marshall, C. W., Jacobsen, R. P., 
Hechter, O., Schenker, V. & Pincus, G. (1953). J. biol. 
Chem. 203, 433. 

Loomis, W. F. & Lipmann, F. (1948). J. biol. Chem. 173, 
807. 

McGinty, D. A., Smith, G. N., Wilson, M. L. & Worrel, C. S. 
(1950). Science, 112, 506. 

Mann, J. P. C. & Quastel, J. H. (1941). Biochem. J. 35, 502. 

Mattox, V. R. & Kendall, E. C. (1951). J. biol. Chem. 188, 
287. 

Neher, R. & Wettstein, A. (1951). Helv. chim. acta, 34, 2278. 

Pardee, A. B., Potter, V. R. & Lyle, G. G. (1948). J. biol. 
Chem. 176, 1075. 

Plager, J. E. & Samuels, L. T. (1953). Arch. Biochem. 
Biophys. 43, 476. 

Potter, V. R. & Elvehjem, C. A. (1936). J. biol. Chem. 114, 
495. 

Potter, V. R. Lyle, G. G. & Schneider, W. C. (1951). J. biol. 
Chem. 190, 293. 

Potter, V. R., Recknagel, R. O. & Hurlbert, B. (1951). Fed. 
Proc. 10, 646. 

Reichstein, T. & Euw, J. von (1938). Helv. chim. acta, 21, 
1197. 

Sarkar, N. K., Beinert, H., Fuld, M. & Green, D. E. (1952). 
Arch. Biochem. Biophys. 37, 140. 

Savard, K., Green, A. & Lewis, L. A. (1950). Endocrin- 
ology, 47, 418. 

Schneider, W. C. (1949). In Manometric Techniques and 
Tissue Metabolism, p. 148, by W. W. Umbreit, R. H. 
Burris and J. F. Stauffer. Minneapolis: Burgess Publish- 
ing Co. 

Schneider, W. C. (1953). J. Histochem. Cytochem. 1, 212. 

Schneider, W. C. & Hogeboom, G. H. (1951). Cancer Res. 
44; 1. 

Siekevitz, P. & Potter, V. R. (1953). J. biol. Chem. 201, 1. 

Sourkes, T. L. & Heneage, P. (1952). Endocrinology, 50, 73. 

Steiger, M. & Reichstein, T. (1937). Helv. chim. acta, 20, 
1164. 

Stern, R. & Bird, L. H. (1949). Biochem. J. 44, 635. 

Sweat, M. L. (1951). J. Amer. chem. Soc. 73, 4056. 

Taylor, W. (1954). Biochem. J. 56, 463. 

Umbreit, W. W. (1949). In Manometric Techniques and 
Tissue Metabolism, p. 1, by W. W. Umbreit, R. H. 
Burris and J. F. Stauffer. Minneapolis: Burgess Publish- 
ing Co. 

Zaffaroni, A. (1950). J. Amer. chem. Soc. 73, 3828. 








264 


Phosphoglyceric Acid Formation by Carbon Dioxide Fixation 
in Plant Extracts 


By E. W. FAGER 
The Institute of Radiobiology and Biophysics (Fels Fund), University of Chicago, Chicago, Illinois 


(Received 31 October 1953) 


INTRODUCTION 


It is now generally agreed that the carboxyl group of 
phosphoglyceric acid is the first stable site of carbon 
dioxide fixation in normal photosynthesis (Calvin & 
Benson, 1948; Benson et al. 1950; Fager & Rosen- 
berg, 1950, 1952). Investigation of the details of this 
process is made much easier if a cell-free system, 
obtained from plant materials, which will mediate 
the formation of phosphoglycerice acid by carbon 
dioxide fixation is available. Employing such a 
system removes the difficulties of cell-wall perme- 
ability and reduces the number of undefined changes 
which the metabolizing intact cell may make in 
added substances. Previous papers (Fager, 1952a, b) 
have reported progress in the examination of such 
a system. This paper presents recent findings which 
have considerably increased the information con- 
cerning both the carboxylation enzyme and the 
acceptor whose carboxylation leads to the formation 
of phosphoglyceric acid. 


MATERIALS AND METHODS 


The material used in the experiments cited in Table 1 was 
prepared exactly as described in the previous paper (Fager, 
19526). All other experiments described were done with 
a combination of a chloroplast preparation from spinach 
and an aqueous extract from algae. Conditions used in 
preparing these are discussed below. 


Preparation of chloroplast material 


One hundred grams of spinach (Spinacia oleracea) were 
washed and placed in the refrigerator for 3-4 hr. When 
thoroughly chilled, it was ground in an ice-cold mortar with 
sand and 50 ml. of ice-cold sorbitol: borate buffer. The 
sorbitol: borate buffer used throughout the work was pre- 
pared as follows: 0-05 mole of sorbitol, 0-05 mole of boric 
acid and 0-01 mole KCl were dissolved in about 900 ml. of 
water. The pH was adjusted to 6-9 with NaOH and the 
solution was made to 11. Just before use, the required 
volume was flushed with N, ; cysteine hydrochloride to give 
a concentration of 2 x 10-*m was added and the pH was 
adjusted to 6-9. Cysteine was omitted in those cases where 
oxidants or sulphydryl poisons were to be tested. Various 
other buffers were tried but none gave as good results 
(Clendenning & Gorham, 1950a). 

The resulting mush was squeezed through heavy canvas 
and then centrifuged (4000 g, 3 min., refrigerated centri- 
fuge). The supernatant which contained the chloroplasts 
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and chloroplast fragments was decanted and centrifuged at 
higher speed (13 000 g, 15 min., refrigerated centrifuge). 
The supernatant from this treatment was discarded; the 
precipitate was suspended in 50 ml. of fresh buffer, centri- 
fuged down as before and finally taken up in 10 ml. of fresh 
buffer. This suspension was forced through a Pyrex sintered 
plate (M, max. pore diameter 10-15.) under N, pressure. 
When kept in ice under Ng, it slowly lost its activity but gave 
consistent results for an hour or more; when frozen and 
stored at — 20° it lost about 30% of its activity overnight. 
Because of this lability, it was prepared immediately before 
use. The chlorophyll concentration was in the range 
1-3-1-7 mg./ml. This preparation is denoted as ‘chloro- 
plasts’ in this paper. 

The spinach used for this preparation was purchased in the 
market. Twotypes ofspinach with quite different aspects are 
available in the Chicago area: from about October until 
June the material agrees with the description of var. Nobel 
(Burpee catalogue: erect; somewhat pointed, rather thin, 
moderately crinkled leaves); during the summer it has the 
aspect of var. Long Standing Bloomsdale (Burpee catalogue: 
low rosettes; dark green, rather thick, very crinkled leaves). 
The Nobel-like material gave excellent preparations in 
which fixation of “CO, by the chloroplast preparation alone 
represented only 0-5% of the fixation by the complete 
system (cf. Table 1). The Bloomsdale-like material had a 
variable blank ranging from 5 to 30% of the fixation by the 
complete system and in general was less efficient in promoting 
tracer fixation in phosphoglyceric acid; qualitatively the 
blank activity and the phosphoglyceric acid-forming 
activity appear to vary inversely. Using the production of 
acid from Hill solution (ferric oxalate: ferricyanide) by 
illuminated chloroplasts as the test method, Clendenning & 
Gorham (19506) have reported comparable differences in 
activity between different varieties of tomato, cucumber, etc. 

The fixation of “CO, by chloroplast material alone did not 
lead to the formation of phosphoglyceric acid and was over 
in less than 2 min., while the fixation leading to phospho- 
glyceric acid continued for 15-20 min. Therefore, a correc- 
tion for the blank was made in all cases in which it repre- 
sented over 5% of the total fixation. 


Extract from algae 


Thealga, Scenedesmus obliquus D3, was grown in the light, 
in inorganic medium (Brown, Fager & Gaffron, 1948), at 
25-30°, with shaking and with 4% CO, in air as the gas 
phase. When the algae had grown to a concentration of 
0-03-0-04 ml./10 ml., they were harvested by centrifuging 
at low speed (1000 g, 5 min.) and were washed by suspension 
in sorbitol: borate buffer (without cysteine) and recentri- 
fuging. They were then suspended in fresh buffer to a con- 
centration of 0-04 ml./ml. and kept at 15-20°. Air was 
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bubbled through the suspension until used. 5 ml. portions 
were transferred to the exposure tubes (made by flattening 
the lower 7-5 cm. of 20 x 150 mm. Pyrex culture tubes until 
the internal distance between the walls was 3-4 mm.; the 
tubes were then cut off to a length of 10 cm.) and illuminated 
(light intensity about 500 ft.c.) for 20 min. at 20° while 
being flushed with a rapid stream of N,. The tubes were then 
agitated in a boiling-water bath for 1 min. This treatment 
caused the algae to coagulate. The suspension was poured 
through a dense plug of glass wool into a Pyrex sintered 
filter (M plate) and forced through the latter with N,. The 
resulting clear, colourless solution was kept in ice under 
nitrogen until used. It could be concentrated by lyophilizing 
or stored at -—20° without appreciable loss of activity. 
However, the usual practice was to prepare 30-40 ml. of the 
extract in the morning and use it that afternoon. This pre- 
paration is denoted as ‘extract’ in this paper. 

A combination of this ‘extract’ and ‘chloroplasts’ pre- 
pared as described above always fixed tracer carbon 
dioxide; different preparations fixed a similar amount under 
standard conditions and over 90 % of the fixation was in the 
carboxyl carbon atom of phosphoglyceric acid. 


Conditions of tracer fixation 


All experiments were done at 14-16°. Except for experi- 
ments on the effect of concentration, 2 ml. of ‘extract’ and 
0-5 ml. of ‘chloroplasts’ were used in each exposure tube. 
Tracer was added as 0-5 ml. of 0-03mM-Na,“CO, (about 
5 x 10° counts/min. when measured as CaCO, at infinite 
thickness in the gas flow counter used for all experiments. 
The “C was obtained as barium carbonate from the Isotopes 
Division, U.S. Atomic Energy Commission). Contact with 
tracer was for 15 min. except for the experiments on the 
time course of fixation. Illumination was used in most cases 
because it resulted in 30-50% more fixation; it had no 
determinable effect upon the proportion of tracer fixed in 
phosphoglyceric acid. The light intensity was about 500 ft.c. 
The reaction was terminated by pouring the material into 
25 ml. of boiling water to which sufficient H,SO, had been 
added to give a final pH of 4-5. Boiling was continued for 
4 min. The coagulated solids were filtered off and the filter 
paper was thoroughly washed. The clear filtrate was 
acidified to approx. pH 3, air was blown through for 20min. 
to remove unfixed tracer carbon dioxide, the pH was then 
adjusted to 6-8+0-2 and the samples were diluted to 60 ml. 
They were stored in the refrigerator under Hutner’s 
bactericide (Hutner & Bjerknes, 1948). 


Analytical methods 


Radioactivity estimation. Total activity fixed was deter- 
mined by wet combustion (Van Slyke & Folch, 1940) of 
a 10 ml. portion which had been dried under air at room 
temperature. The evolved CO, was collected in NaOH and 
precipitated from this, after buffering with NH,Cl, as 
CaCO,. The precipitate was washed, dried, weighed, and 
then counted in a gas-flow counter as a 1 sq.cm. sample of 
30-40 mg. All counts reported are corrected for the portion 
of the total solution which was combusted and the weight of 
CaCO, thus obtained, as well as self-absorption and back- 
ground count. Geometry was constant. Counting error was 
+5%. All observations are based on at least two experi- 
ments made with different preparations. 

Phosphopyruvic and pyruvic acids. A suitable portion 
(20 ml.) of the solution to be analysed was mixed with 2 ml. 
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of 0-09m sodium pyruvate (pH approx. 6-5), bactericide 
(Hutner & Bjerknes, 1948) was added, and the mixture was 
incubated overnight at 37° with intestinal phosphatase 
(Armour Laboratories, Chicago, Ill.). Sufficient conc. HCl 
to make the final solution ly was then added, followed by 
10 ml. of 0-03 2:4-dinitrophenylhydrazine in 2N-HCl. The 
reaction mixture was warmed on steam and, after cooling, 
extracted with ethyl acetate (40, 20, 20 ml.). The ethyl 
acetate solution was washed with water (15, 15 ml.) and 
then extracted with 0-5m-NaHCO, (25, 25, 25 ml.). The 
bicarbonate solution was acidified with conc. HC1(5 ml.) and 
extracted with ethyl acetate (20, 20, 20 ml.). The ethyl 
acetate solution was washed with water (15, 15 ml.), filtered 
into a tared beaker and dried, first under air and then in a 
vacuum desiccator, and weighed. The yield was 70-90 % of 
the theoretical based on the added pyruvic acid. The 
hydrazones were counted as 1 sq.cm. samples of 30-40 mg. 
The observed counts were corrected for sample size, self- 
absorption, background count and theoretical weight of 
hydrazone based on the pyruvic acid added as carrier. This 
method of analysis would include any other labelled keto or 
aldehydo acids present. However, evidence presented in the 
previous paper (Fager, 19526) indicates that the analytical 
results correspond to phosphopyruvic acid. 

Phosphoglyceric and glyceric acids. A suitable portion 
(20 ml.) of the solution to be analysed was mixed with 5 ml. 
of 0-05m sodium phosphoglycerate (prepared from barium 
phosphoglycerate, Nutritional Biochemicals Corp., Cleve- 
land, Ohio; pH about 6-5), bactericide (Hutner & Bjerknes, 
1948) was added, and the mixture was incubated overnight 
at 37° with intestinal phosphatase. It was then run through 
a cation-exchange resin column (1-5 g. of Nalcite HCR, 
National Aluminate Corp., Chicago, IIl.), followed by 30 ml. 
of water. The combined effluent was then run through an 
anion-exchange resin column (1-5 g. of Amberlite IR-4B, 
Resinous Products Corp., Philadelphia, Pa.), followed by 
30 ml. of water. The anions were eluted from the resin by 
25 ml. of 3% aqueous NH, followed by 30 ml. of water. The 
excess of NH, was removed from the eluate by concentration 
at reduced pressure. The resulting solution (pH about 6-7) 
was cooled in the refrigerator for 15 min., 0-5 ml. of 0-5m 
periodic acid was added and the mixture left in the re- 
frigerator for 60min. Conc. HCl (5 ml.) and NaHSO, 
(100 mg.) were then added to decompose the iodate and 
excess of periodate. The hydrazone of glyoxylic acid was 
formed by the addition of 15 ml. of 0-03m 2:4-dinitro- 
phenylhydrazine in 2N-HCl. The mixture was warmed on 
steam, cooled and extracted, dried, weighed and counted 
exactly as described for the pyruvic acid analysis. The yield 
of hydrazone was 70-80% of the theoretical based on the 
added phosphoglyceric acid. Observed counts were cor- 
rected for sample size, self-absorption, background counts 
and theoretical weight of hydrazone based on the phospho- 
glyceric acid added as carrier. This method of analysis 
would include all labelled keto or aldehydo acids present. 
Therefore, the true radioactivity present in phosphoglyceric 
acid is represented by that observed in this analysis minus 
that observed in the analysis for phosphopyruvic acid. 
Although the radioactivity of all labelled polyhydroxy acids 
with adjacent hydroxyl groups would be included, evidence 
that the analytical results correspond to phosphoglyceric 
acid was presented in the previous paper (Fager, 19526). 

The analytical method measures radioactivity in the 
carboxyl carbon atom plus the « carbon atom of phospho- 
glyceric acid. Decarboxylation of the hydrazones indicated 
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that all (within experimental error) of the activity was in the 
carboxyl group. Analyses in which the exchange resin 
treatment was omitted gave the same results as those done 
by the method described above, but the yields of glyoxylic 
acid 2:4-dinitrophenylhydrazone were not as high. 





Preparations 


Hydroxypyruvic acid. This substance was made according 
to the method of Sprinson & Chargaff (1946). Potassium was 
removed by a cation-exchange resin and bromide was 
removed by addition of a slight excess of freshly precipi- 
tated, washed silver carbonate to the acid solution. Excess 
of silver ion was removed by a cation-exchange resin, and the 
solution of acid was then taken to pH 6-2 with NaOH and 
concentrated to 0-2m at low temperature under reduced 
pressure. Periodic acid oxidation of a portion (excess of 
periodate was titrated with arsenite) indicated a 90% yield 
of sodium hydroxypyruvate. 

Phosphoglycollic acid. Phosphoglycolic acid was obtained 
inadvertently during an attempt to make phosphohydroxy- 
pyruvic acid. Na,PO,, 12H,0 (2-8 g.) was dissolved in 20 ml. 
of water and added to a solution of the sodium salt of bromo- 
pyruvic acid (1-67 g.) in 5ml. of water. After standing 
overnight, the solution was diluted to 1 1. and CaCl, (1-7 g./ 
20 ml. water) was added. The precipitated calcium phos- 
phate was centrifuged off and the supernatant was concen- 
trated at reduced pressure to 125 ml. A considerable ppt. 
formed on warming. This was filtered off warm and dried in 
vacuo over CaCl,. The yield was 0-5 g. (Found: C, 9-5; P, 
12-8; Ca, 24-5. Calc. for C,H,O,PCa,.;, 2H,O: C, 9-7; P, 
12-5; Ca, 24:1%.) 

Phosphoglycolaldehyde. Calcium «-glycerophosphate was 
made according to the method of King & Pyman (1914). 
Analysis of the product, dried in vacuo over CaCl, indi- 
cated a dihydrate rather than the anhydrous salt which they 
reported. The calcium was removed from 1-0 g. of this salt 
by passage through a column of cation-exchange resin. This 
acid solution (40 ml.) was cooled in the refrigerator for 
15 min. and 10 ml. of 0-5 periodic acid was added. After 
60 min. in the refrigerator, titration of a portion with 
arsenite indicated completed oxidation, Barium hydroxide 
equivalent to the periodate (20 ml. of 0-25) was added and 
the crystalline ppt. of barium iodate was filtered off. 
Barium hydroxide was then added to pH 6, the solution was 
cooled and a slight precipitate was removed by filtration. 
An equal volume of ethanol was added and the resulting 
ppt. was centrifuged off, dissolved in 20 ml. of water and 
reprecipitated by the addition of an equal volume of 
ethanol. After drying in vacuo over CaCl,, the yield was 
0-6 g. (Found: C, 7-9; P, 9-7; Ba, 42-0. Cale. for C,H,0;PBa, 
3H,0: C, 7-3; P, 9-5; Ba, 41-7%.) Using a somewhat 
different procedure, Fleury, Courtois & Desjobert (1948) 
obtained a tetrahydrate. 

A solution of the free acid, after removal of barium, gave 
a strong positive test for aldehyde with fuchsin reagent. This 
solution contained no inorganic phosphate, but 43 % of the 
bound phosphate was liberated by 10 min. digestion with 
n-HCl at 100°, whereas none was liberated by similar treat- 
ment of the original «-glycerophosphate. 

Vinyl phosphate. 2-Chloroethanol (6-4 g.) was phos- 
phorylated in dry dimethylaniline (100 ml.) at 0° by the 
addition of phosphorus oxychloride (13-8 g.) dissolved in 
dimethylaniline (50 ml.). The reaction mixture was de- 
composed with water, ice and Na,CO, and the dimethyl- 
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aniline was separated. Inorganic phosphate was removed 
with magnesia mixture and the 2-chloroethyl phosphate was 
precipitated as the barium salt by addition of barium 
acetate, followed by sufficient ethanol to give a 50% 
solution. After being dried in vacuo over CaCl,, analysis 
indicated the dihydrate. (Found: P, 9-2; Ba, 41-7. Cale. for 
C,H,0,CIPBa, 2H,0: P, 9-3; Ba, 41-3%.) Using somewhat 
different preparative conditions, Plimmer & Burch (1929) 
obtained the monohydrate, and Fischer & Pfahler (1920) 
obtained the trihydrate. Barium was removed from a portion 
of the dihydrate (1-7 g.) by passage through a column of 
cation-exchange resin. This acid solution was dried under air 
at room temperature and then in vacuo over CaCl,. The 
resulting semi-crystalline solid was taken up in absolute 
methanol (40 ml.) and refluxed for lhr. with KOH in 
methanol (1-7 g./30 ml.) under dry nitrogen. The methanol 
was then removed at reduced pressure and the residue was 
taken up in 30 ml. of ice-cold water containing sufficient 
cation-exchange resin (Nalcite HCR) to make the pH 
approx. 7. The resin was filtered off and washed, and the 
combined filtrate and washings were made to 100 ml. An 
analysis for chloride indicated that 34% of the bound 
chlorine had been ionized. The solution contained no in- 
organic phosphate but hydrolysis for 10 min. at 100° with 
N-HCl liberated 50% of the bound phosphate, which the 
chloride analysis had indicated might be present in an acid- 
labile form. Neither £-chloroethyl phosphate nor glycol- 
phosphate liberate any phosphate under similar conditions. 
A strong odour of acetaldehyde was evident when the 
material was hydrolysed with n acid and crystals formed 
immediately in a droplet of 2:4-dinitrophenylhydrazine 
solution held above the hydrolysis vessel. No attempt was 
made to isolate the vinyl phosphate because it was wanted in 
solution and the evidence for its presence seemed adequate. 


RESULTS 


Effect of heat treatment 


Certain observations made during the course of the 
investigations suggested that although the fraction 
which was termed ‘enzyme’ in the previous paper 
(Fager, 19526) contained several active enzymes, its 
function in the system which forms phosphoglyceric 
acid was to supply the carbon dioxide acceptor. The 
carboxylation enzyme appeared to be associated 
with the ‘chloroplasts’. In order to test this hypo- 
thesis, the experiments shown in Table 1 were 
performed. It was at once evident that the ‘enzyme’ 
was indeed the source of the carbon dioxide acceptor, 
and that the latter was unharmed by a heat treat- 
ment that coagulated the protein. In fact, the 
coagulated protein could be filtered off and the clear 
filtrate still retained most of the original activity. 
This heat treatment inactivated the enolase so that 
the ratio of radioactivity in phosphoglyceric acid/ 
radioactivity in phosphopyruvic acid had a value of 
about 40 instead of the value of about 4 usually 
obtained. Other enzymes must also have been in- 
activated for fixation in phosphoglyceric acid 
represented over 95% of the total fixation as 
compared to 60-70 % with the unheated material. 
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Table 1. Effect of heat treatment 


All vessels: N, atmosphere; 2 ml. of ‘enzyme’ + 0-5 ml. of ‘chloroplasts’, both in 0-05 sorbitol:borate buffer (pH 6-9, 
0-01M-KCI, 0-002m cysteine); 0-5 ml. of 0-03mM-Na,CO, containing “C; 15 min. illumination at 15-16°; light intensity 
about 500 ft.c. The ‘enzyme’ and ‘chloroplasts’ were prepared as described in the previous paper (Fager, 19525). Values 


are in corrected counts/min. x 10-?. 


Total Fixation of “C into Fixation of “C into 

Treatment fixation of 4C phosphoglyceric acid phosphopyruvic acid 
None 125 81 17 
‘Enzyme’ replaced by buffer + 0 0 
‘Chloroplasts’ replaced by buffer 1 0 0 
‘Enzyme’ heated for 1 min. under nitrogen 119 115 3 

in a boiling water bath 

‘Chloroplasts’ heated, as above 1 0 0 
‘Enzyme’ + ‘chloroplasts’ heated together, as above 1 0 0 
‘Enzyme’ replaced by algae ‘extract’ 50 47 1 


As an extension of this observation, it was found 
that a hot-water extract of pre-illuminated algae 
could replace the material prepared from spinach. 
The 2 ml. of ‘enzyme’ from spinach was equivalent 
to 16 g. of spinach; the 2 ml. of ‘extract’ from algae 
was equivalent to 80 mg. of algae. The reduction in 
weight of plant material by a factor of 200 reduced the 
phosphoglyceric acid-forming activity by only a 
factor of about 2-5. The amount of fixation is still 
very small when considered in terms of normal 
photosynthesis, but in terms of dark fixation 
following pre-illumination this reaction represents 
about 2% of that obtained with intact algae 
(Gaffron, Fager & Rosenberg, 1951). Furthermore, 
the pattern of fixation is identical; 95 % of the total 
is in phosphoglyceric and phosphopyruvie acids, 
though the second compound contained a greater 
proportion in the case of the intact algae because the 
enolase had not been inactivated. 

An experiment was done to determine the location 
of the labelled fixation product: 0-5 ml. of ‘chloro- 
plasts’, 2-Oml. of ‘extract’ and 0-5ml. of the 
labelled carbonate solution were mixed and allowed 
to stand for 15 min. The mixture was then centri- 
fuged and the clear supernatant was decanted from 
the precipitated ‘chloroplasts’. The two fractions 
were poured separately into boiling dilute sulphuric 
acid and subsequent analysis was as usual. Thesuper- 
natant contained 85-95 % of the total fixed tracer, 
indicating that the product was not strongly bound 
to the chloroplast fragments, the fixation probably 
having occurred at the surface. 


Effect of pretreatment 


It was never possible with spinach to test satis- 
factorily the effect of various pretreatments of the 
leaves; there was too much variation in absolute 
activity between batches or even between different 
plants to make quantitative comparisons. How- 
ever, it was observed that illumination overnight 
under an atmosphere of 4% carbon dioxide in air 
generally gave material devoid of activity, that use 
of air alone gave much better results and that use of 


nitrogen seemed to bring about some further 
improvement. It was, of course, impossible to tell 
whether the effect was on the ‘chloroplasts’ or on 
the ‘enzyme’ or on both. With the algae, portions of 
the same suspension could be subjected to different 
pretreatments and portions of the same ‘chloro- 
plasts’ could be used with the different samples of 
‘extract’. Table 2 shows the results obtained. 


Table 2. Effect of pretreatment upon fixation 


All vessels: N, atmosphere; 2 ml. of algae ‘extract’, 
0-5 ml. of ‘chloroplasts’, both in 0-05m sorbitol: borate 
buffer (pH 6-9, 0-01M-KCl, 0-002m cysteine); 0-5 ml of 
0-03m-Na,CO, containing 4C; 15 min. illumination at 
15-16°; light intensity about 500 ft.c. The extracts were 
prepared exactly as described in section on Materials and 
Methods, except that different gases were used during the 
20 min. pre-illumination. All extracts were thoroughly 
flushed with N, before use. Values are in corrected counts/ 
min. x 10-7. 


Fixation 

of 14C into 

Total phospho- 

fixation glyceric 

Gas used during pre-illumination of “C acid 
Nitrogen 48 44 
Air 51 17 
4% carbon dioxide + 96 % nitrogen 15 0 


It is quite clear that the effect is upon the sub- 
stance which reacts with carbon dioxide to form 
phosphoglyceric acid and that the amount of this 
substance present decreases as the amount of 
carbon dioxide available during the preceding 
illumination is increased. It is also seen that 
anaerobic conditions favour the formation of this 
acceptor, whereas the presence of oxygen apparently 
favours the formation of other substances which can 
fix carbon dioxide. These results explain why 
spinach used as purchased gave variable results, 
whereas illumination overnight under air before use 
led to greater uniformity. In order to keep them 
fresh, the leaves were laid in about 5 mm. of water 
and a constant stream of air saturated with water 
was passed over them during the illumination. It 
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may be reasonably supposed that the result was 
a moderate carbon dioxide limitation and a con- 


sequent formation of acceptor. 


Kinetics of the fixation 


Three variables, time of contact with tracer, 
concentration of ‘chloroplasts’ and concentration of 
‘extract’, were investigated. 

As Table 3 shows, the fixation continues for a 
surprisingly long time although after 16 minutes the 
relative amount of 14C incorporated into phospho- 
glyceric acid decreases. This may be because the 
rate of formation of this compound decreases as the 
acceptor is used up while other substances which 
can fix carbon dioxide are slowly formed by the 
‘chloroplasts’ or because side reactions which 
transform phosphoglyceric acid become more 
important as the carboxylation reaction proceeds 
and the concentration of this compound increases. 


Table 3. Time course of the fixation of carbon dioxide 


All vessels: N, atmosphere; 2 ml. of algae ‘extract’, 
0-5 ml. of ‘chloroplasts’, both in 0-05m sorbitol: borate 
buffer (pH 6-9, 0-01mM-KCl, 0-002m cysteine); 0-5 ml. of 
0-03 M-Na,CO, containing “C; 15-16°; light intensity about 
500 ft.c. Values are in corrected counts/min. x 10~°. 


Fixation 
Time of contact Total of #C into 
with tracer fixation phosphoglyceric 

(min.) of #C acid 

4 11 11 

8 22 22 

16 51 46 

24 63 54 

32 85 70 


Table 4. Effect of concentration of ‘chloroplasts’ 
or ‘extract’ of algae 


All vessels: N, atmosphere; amounts of ‘chloroplasts’ 
and algae ‘extract’ as shown, both in 0-05m sorbitol: borate 
buffer (pH 6-9, 0-01M-KCl, 0-002 cysteine); 0-5 ml. of 
0-03m-Na,CO,* containing “C; 15 min. in the dark at 
15-16°. Values are in corrected counts/min. x 10-?. 


Amount of 


‘chloro- Amount of Amount of Total 
plasts’ ‘extract’ buffer fixation 
Expt. (ml.) (ml.) (ml.) of 4C 
A 1-0 2-0 0-0 51 
B 0-5 2-0 0-5 29 
Cc 0-25 2-0 0-75 15 
D 0-125 2-0 0-875 8 
E 0-5 4-0 0-0 25 
F 0-5 2-0 2-0 15 
G 0-5 1-0 3-0 8 
H 0-5 2-0 0-0 40 
I 0-5 2-0 0-0 57t 


* Carbon dioxide is not limiting at this concentration. 
+ >90% of total fixation was in phosphoglyceric acid. 
t Illuminated; light intensity about 500 ft.c. 
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The values given in Table 4 represent amounts 
of tracer carbon dioxide fixed in a definite time 
(15 min.), not rates. However, as Table 3 shows, 
these are related to the rate of fixation for the first 
15-20 min. The dependence of the rate of carbon 
dioxide fixation upon ‘extract’ concentration 
(Expts. E—G) was expected, but the fact that this 
rate also shows good proportionality to ‘chloro- 
plasts’ concentration (Expts. A—D) was unexpected. 
This situation will be examined in more detail in 
the Discussion. 


Properties of the enzyme (‘chloroplasts’) 


The fixation of carbon dioxide was completely 
inhibited by the presence of 10-*n-Cu?+. This 
suggested the participation of sulphydryl groups, 
presumably in the enzyme. 

More definite evidence was obtained by the use of 
p-chloromercuribenzoate (Barron & Singer, 1945). 
This poison was added to the ‘chloroplasts’ 
(0-5 ml.) and the mixture was allowed to stand 
10 min. at 15° before addition of ‘extract’ and 
tracer. Controls were treated in an _ identical 
manner except for omission of the poison. The 
fixation was done in the dark. The following results 
were obtained: 3x 10-*m poison obliterated the 
fixation ; 6 x 10-4mM reduced it to 40 % of the control; 
10-4m (Table 5) reduced it to 60% of the control 
(concentrations were calculated on the basis of the 
volume of ‘chloroplasts’ plus poison, not the final 
volume). The addition of 10 times the equivalent of 
cysteine, after 8 min. contact with poison, gave 
complete reversal of the inhibition by the lowest 
concentration of poison (Table 5) but was less 
effective against the higher concentrations. Illumi- 
nation seemed to be nearly as effective a reversal 
agent (Table 5) as the addition of cysteine. 


Table 5. Properties of ‘chloroplasts’ 

All vessels: N, atmosphere; 2 ml. of algae ‘extract’, 
0-5 ml. of ‘chloroplasts’, both in 0-05 sorbitol: borate 
buffer (pH 6-9, 0-01mM-KCl); 0-5 ml. of 0-03m-Na,CO, 
containing “C; 15 min. in dark at 15-16°. Values are in 
corrected counts/min. x 10-?. 


Total 
Pre-treatment of ‘chloroplasts’ fixation of 4C 
None 38* 
p-Chloromercuribenzoate, 10-4mt 22* 
p-Chloromercuribenzoate, 10-*m,} followed 37* 
by 10-*m cysteine 
p-Chloromercuribenzoate, 10-4m,} followed 35* 


by illuminationt 

Cyanide, 10-*u 11§ 

* >90% of total fixation was in phosphoglyceric acid. 

+ Concentration of poison calculated on the basis of 
volume of ‘chloroplasts’ plus poison, not final volume. The 
‘chloroplasts’ were in contact with the poison for 10 min. 
before addition of ‘extract’ and tracer. 

{ Illuminated during fixation for 15 min. 

§ About 75% of total fixation was in phosphoglyceric 
acid. 
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When the ‘chloroplasts’ were flushed with 
oxygen for 15 min. and then with nitrogen, the 
fixation was reduced to 70 % of the control, which 
had been flushed only with nitrogen. The addition of 
cysteine (final concentration 10-*m) restored the 
activity of the oxygen-treated material to 95% of 
the control. 

Cyanide is an effective inhibitor of the fixation in 
the system being studied ; 10-*m reduced fixation to 
30 % of the control (Table 5). It also reduced the 
proportion of the total fixation present as phospho- 
glyceric acid from 95 to 75%. These results are 
exactly what would be expected on the basis of 
previous work with intact algae; 2 x 10-*m cyanide 
introduced in the light 1 min. before termination of 
the pre-illumination and addition of tracer, reduced 
total fixation to 17 % of the control and reduced the 
proportion of radioactivity in water-soluble sub- 
stances (mostly phosphoglyceric acid) from 95 % of 
the total to 34% of the total (Gaffron et al. 1951). 
The greater effect in the intact algae is reasonably 
ascribable to the higher concentration of cyanide 
and to the longer contact time with poison before 
the addition of tracer. 


Properties of the acceptor (‘extract’) 


The acceptor presumed to be in the algae ‘extract’ 
is a rather stable substance. The material can be 
kept at — 20° for several weeks and at least over- 
night at 25° without loss of activity. A solution 
containing it can be flushed with oxygen or treated 
with 3% (w/v) hydrogen peroxide at pH 7 without 
effect. It can be heated under nitrogen for 1 min. at 
100° at pH 1-4 (Table 6) or pH 4 or pH 9-5 without 
appreciable loss of activity. Hydrolysis with 0-5N 
hydrochloric acid or 0-5N sodium hydroxide under 
the same conditions gave inconsistent results, 
apparently because of the complications introduced 
by the high salt concentration resulting when the 
solutions were neutralized. 

The active substance is a relatively small mole- 
cule since after dialysis of 5 ml. of ‘extract’ in a 
Visking sausage casing against 5 ml. sorbitol: borate 
buffer for 10 hr. at 5° it was evenly distributed on 
both sides of the membrane. 

It is strongly adsorbed on alumina; 10 mg. of 
alumina removed 85 % of the activity from 3 ml. of 
‘extract’ when shaken with it for 20 min. at 10°. 

The substance is an anion. It is not adsorbed 
during passage through a cation-exchange resin 
column (Nalcite HCR) and none passes through 
a column of anion-exchange resin (Amberlite 
IR-4B). About 60—70 % of the original activity can 
be recovered by elution from the anion-exchange 
resin with 0-05N sodium hydroxide (Table 6). 

The substance was first suspected of being a 
phosphate ester on the basis of the inhibition of the 
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fixation by fluoride and the strong inhibition shown 
by phosphate esters, such as phosphoglyceric acid 
and ribose 5-phosphate, when employed in concen- 
trations above 10-*m (Fager, 19526). The inhibitory 
action of these latter compounds affected particu- 
larly the fixation in phosphoglycerie and phospho- 
pyruvic acids; total fixation was reduced by a factor 
of 3-4 while fixation in these compounds was 
reduced by 10 times as large a factor. Proof that it 
is a phosphate ester was obtained by employing 
intestinal phosphatase. Samples were kept over- 
night at 25°; one with 5 mg. of phosphatase added, 
the other without this enzyme. Both of the samples 
were under a nitrogen atmosphere and contained 
bactericide (Hutner & Bjerknes 1948). After 15 hr., 
they were heated for 1 min. in boiling water and then 
cooled and mixed with tracer carbonate and freshly 
prepared ‘chloroplasts’. The sample which had not 
been treated with phosphatase fixed as much tracer 
in phosphoglyceric acid as did a portion which had 
been kept at — 20° overnight. The sample which had 
been subjected to phosphatase hydrolysis fixed 
only 0-5 % of this amount (Table 6). 

There seem to be four reasonable alternative 
explanations of these results: the ‘extract’ supplies 
a source of energy, probably in the form of labile 
phosphate bonds; or there is in the ‘extract’ a 
phosphate ester which can be carboxylated, 
perhaps reductively, to yield phosphoglyceric acid ; 
or the ‘extract’ contains phosphoglyceric acid and 
the fixation represents only an exchange between 
the carboxy] of this compound and the added tracer 
carbon dioxide; or the fixation is a combination of 
the first-stated with one of the others. These 
alternatives were tested as described below and no 
combination as yet employed has functioned as an 
acceptor of carbon dioxide leading to the formation 
of phosphoglyceric acid. 


Table 6. Properties of the ‘extract’ of algae 


All vessels: N, atmosphere; 2 ml. of ‘extract’, 0-5 ml. 
of ‘chloroplasts’, both in 0-05m sorbitol: borate buffer 
(pH 6-9, 0-01m-KCl, 0-002™ cysteine); 0-5 ml. of 0-03M- 
Na,CO, containing “C; 15 min. illumination at 15—16°; 
light intensity about 500 ft.c. Values are in corrected 
counts/min. x 10-?. 


Total 
Pre-treatment of ‘extract’ fixation of “C* 
None 50 
1 min., 100°, pH 1-4 49 
Passed through cation-exchange resin 42 
(Naleite HCR) 
Passed through cation-exchange resin <1 


(Nalcite HCR) and through anion- 
exchange resin (Amberlite IR-4 B) 
Eluted from anion-exchange resin 37 
(Amberlite IR-4 B) 
Phosphatase overnight <1 


* >90% of total fixation was in phosphoglyceric acid. 
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Adenosine triphosphate (sodium salt, Pabst 
Laboratories, Milwaukee, Wisc.) at 10-*M acts as an 
inhibitor (Fager, 1952b). At 10-4m and lower con- 
centrations it caused no fixation when tested by 
itself; it had no effect upon the fixation promoted by 
the ‘extract’ ; it did not cause fixation in the presence 
of any of the potential acceptors (cf. following 
paragraph) which were added; nor did it promote an 
exchange involving the carboxyl of added phospho- 
glyceric acid. The phosphate-bond energy might, of 
course, be present in a different form, but in a recent 
publication Strehler (1953) has shown that the level 
of adenosine triphosphate in green plants is very 
sensitive to illumination. He has suggested that it 
is intimately involved in photosynthetic carbon 
dioxide fixation. It does not seem to be involved in 
the fixation of carbon dioxide by the cell-free system 
with which this paper is concerned. 

In testing phosphate esters as possible acceptors 
a range of concentrations from 10-*m to 10-*m was 
employed; higher concentrations produced inhibi- 
tion of the fixation in phosphoglyceric acid. A con- 
sideration of two-carbon compounds suggests that 
the phosphate esters of glycolaldehyde and acetalde- 
hyde are perhaps the most likely. The first would 
require a reductive carboxylation (2H); the second 
could form phosphoglyceric acid directly by appro- 
priate addition of carbonic acid or bicarbonate ion. 
Unfortunately, neither 2-phosphoglycolaldehyde 
nor vinyl! phosphate showed any ability to fix carbon 
dioxide at any concentration tested. It has recently 
been shown (Racker, Haba & Leder, 1953) that 
hydroxypyruvic acid can function as a source of 
‘active’ glycolaldehyde. This acid was, therefore, 
tested, but was also found to be inactive in the 
system being studied. As mentioned in an earlier 
section, attempts to prepare phosphohydroxy- 
pyruvic acid were unsuccessful. Two other possi- 
bilities, both of which would require reductive 
carboxylations (4H), are 2-phosphoglycollic acid 
and phosphoglyoxal. The first was tested and had no 
effect; attempts to prepare the second were un- 
successful. A mixture of sugar phosphates (supplied 
by Dr R. 8. Bandurski, Division of Biology, The 
California Institute of Technology) containing 
those ketoses, ribulose and sedoheptulose, which 
have recently been suggested (Bassham, 1953) as 
possible sources of the acceptor, was tried and found 
to be inactive. In this connexion it should be noted 
that the spinach ‘enzyme’ described in the previous 
paper (Fager, 19526) has been shown (A. Magdali in 
the laboratory of Dr B. Vennesland, Department of 
Biochemistry, University of Chicago) to contain an 
active enzyme complex which transforms ribose 
5-phosphate into ribulose phosphate, heptulose 
phosphate and triose phosphate (Axelrod, Ban- 
durski, Greiner & Jang, 1953). However, the 
addition of ribose 5-phosphate at concentrations 
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from 10-*m to 10-*m to a combination of this 
‘enzyme’ and ‘chloroplasts’ did not increase the 
fixation of carbon dioxide into phosphoglyceric 
acid; at higher concentrations the ribose 5-phos- 
phate acted as a strong inhibitor. 

Practically every low molecular weight compound 
which can exist as a phosphate ester has been pro- 
posed as the acceptor at one time or another 
(Bassham, 1953; Calvin e¢ al. 1951; Gaffron et al. 
1951). The ones tested seemed the most likely, but 
none of them served to fix carbon dioxide in phos- 
phoglyceric acid. It is of course possible that one of 
them is the acceptor present in the ‘extract’ but 
that in its ‘active’ form it has the phosphate in 
a different position or is combined with some other 
substance. 

The suggestion that the fixation is actually an 
exchange involving the carboxyl of phospho- 
glyceric acid appeared strengthened by the observed 
stability of the acceptor. However, 3-phospho- 
glyceric acid did not show any ability to fix tracer 
carbon dioxide either by itself or with added 
adenosine triphosphate; nor did it enhance fixation 
by the ‘extract’ in any concentration from 10-4 to 
10-*m. Perhaps even more convincing evidence is 
the observation that the ‘extract’ prepared from 
algae exposed to 4% carbon dioxide in nitrogen 
(Table 2) fixed no tracer in phosphoglyceric acid. 
These algae surely contained this substance in the 
steady state concentration present during photo- 
synthesis and in the form utilized in this process. 
The same algae at the same concentration, the same 
conditions of preparation of the ‘extract’ and of 
fixation, and the same methods of analysis were 
used to obtain all the results shown in Table 2 so that 
it seems very unlikely that an ‘active’ phospho- 
glyceric acid would, if present, have been destroyed 
in one case and not in the other. Further evidence 
against exchange was provided by the use of 
labelled phosphoglyceric acid. Algae in the same 
concentration as that used for the preparation of the 
‘extract’ were pre-illuminated and then allowed to 
fix tracer carbon dioxide for 1 min. in the dark. The 
resulting labelled phosphoglyceric acid (Gaffron 
et al. 1951) was extracted with boiling water. Twoml. 
of this extract were mixed with 0-5 ml. of ‘chloro- 
plasts’ and 0-5 ml. of 0-03m non-isotopic sodium 
carbonate and nitrogen was passed over the solution 
and then through sodium hydroxide for 15 min. 
Sulphuric acid sufficient to give a pH of about 2 was 
then added and the solution was boiled, the evolved 
carbon dioxide being collected in the sodium 
hydroxide. Calcium carbonate precipitated from 
this trapping solution in the usual manner contained 
0-1 % of the tracer present in the original extract. 
Analysis of the sulphuric acid solution showed the 
presence of 98-103% of the labelled phospho- 
glyceric acid originally present. Because the 
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amount of algae, the conditions of pre-illumination, 
and the conditions of tracer fixation which were used 
for the preparation of the labelled phosphoglyceric 
acid were identical with those used to prepare the 
usual ‘extract’, and to study tracer fixation by it, it 
seems reasonable to assume that the concentration 
and form of the labelled phosphoglyceric acid 
would have been identical with any ‘active’ phos- 
phoglyceric acid which might have been the cause of 
fixation of tracer carbon dioxide by the ‘extract’ 
employed in the work described in this paper. The 
evidence, therefore, is against an exchange as the 
source of tracer fixation. In this connexion it is of 
interest to note that although Clendenning, Way- 
good & Weinberger (1952) demonstrated the 
presence of other carboxylases in varying amounts 
in leaf macerates, they were unable to find evidence 
for any enzyme or combination of enzymes which 
would decarboxylate phosphoglyceric acid. 


DISCUSSION 


It may be useful to list the properties of the system 
which seem well established. The carboxylation 
enzyme is associated with the ‘chloroplasts’. The 
enzymic activity is inhibited by reagents which 
block sulphydryl groups. Cyanide acts as an in- 
hibitor in a manner closely parallel to its effect on 
carbon dioxide fixation by pre-illuminated intact 
algae. The carbon dioxide acceptor is a relatively 
stable phosphate ester which can be extracted from 
pre-illuminated aigae (or from a 47-5-60% (v/v) 
acetone precipitate from the soluble portion of 
spinach macerates) by hot water. The fixation is not 
the result of an exchange reaction involving the 
carboxyl group of phosphoglyceric acid. Fixation in 
phosphoglyceric acid precedes that in phospho- 
pyruvic acid (Fager, 19525), the latter being formed 
by enolase activity. The rate of fixation is dependent 
upon both the concentration of ‘extract’ and the 
concentration of ‘chloroplasts’ and the rate is 
increased by illumination. 

As was shown in the section on Kinetics, the rate 
of the carbon dioxide fixation reaction is propor- 
tional to either the concentration of ‘extract’ or the 
concentration of ‘chloroplasts’ when the other is 
held constant. A consideration of Expts. B, F and 
H (Table 4) provides additional evidence that the 
rate is proportional to the product of the concen- 
trations of these two materials. All three of these 
experiments had the same amount of ‘extract’ and 
of ‘chloroplasts’ but differed in total volume: 
B, 3-5 ml.; F, 5 ml.; H, 3 ml. Using H asa basis, the 
expected values of the amount of radioactivity 
fixed in Expts. B and F' would be (3/3-5)? x 40= 29 
and (3/5)? x 40= 14, respectively. Agreement with 
expectation is very close. The dependence of the 
rate on the concentration of ‘extract’ seems reason- 
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able, but its dependence upon the concentration of 
‘chloroplasts’ seems much less so if the enzymic 
activity of this preparation represents the carboxy- 
lation step in photosynthesis ; for in order to keep up 
with the observed rate of photosynthesis in intact 
cells the carboxylation enzyme must have a large 
turnover number. The simplest explanation would 
be that the carboxylation enzyme system present in 
the ‘chloroplasts’ is very sensitive and that almost 
all of it is destroyed during the preparation; the 
remnant would then act as a limiting factor. 
Alternatively, the ‘chloroplasts’ may perform a 
reduction and the rate may be limited by the pro- 
portion of the enzyme which is in the reduced form. 
However, the fact that illumination increases the 
fixation in this sytem by only 30-50 % (cf. Table 4, 
Expts. H and J), whereas in other cases, such as 
those involving the pyridine nucleotides (Arnon, 
1951; Tolmach, 1951; Vischniac & Ochoa, 1951), the 
increase may be as much as tenfold, makes this 
alternative appear less probable; for one might 
reasonably expect that light would tend to maintain 
the enzyme in its reduced form. The increased 
fixation in phosphoglyceric acid which does result 
from illumination may indicate either that light 
promotes the reduction of small amounts of a pre- 
cursor to the fully reduced acceptor or that it 
‘activates’ the carboxylation enzyme by forming 
sulphydryl groups (cf. Table 5). If it is only the 
latter, this probably does not represent the light 
reaction which drives photosynthesis. 

If, as suggested in the preceding paragraph, no 
reduction is involved in the carboxylation reaction, 
the acceptor formed by pre-illumination being fully 
reduced, then there will be several possibilities for 
the acceptor of which perhaps the most likely may 
be vinyl phosphate, or a ketose (perhaps ribulose) 
phosphate (Bassham, 1953). The evidence available 
at present is against the participation of either of 
these compounds as acceptors in the system being 
studied. If a reduction is involved in the fixation of 
carbon dioxide, the small effect of light being due to 
disruption of the hydrogen-transport system, then 
the most likely acceptors would seem to be phospho- 
glycolaldehyde or phosphoglycollic acid or phospho- 
glyoxal. Not only do the two compounds which have 
been tested (the first two) not give any evidence of 
being acceptors, but fixation of carbon dioxide by 
all of them would presumably give rise to a deriva- 
tive of hydroxypyruvic acid. It would be hard to 
reconcile the intermediate formation of a hydroxy- 
pyruvate derivative with the observation that 
although there is an active hydroxypyruvic acid 
reductase in the soluble portion of leaf macerates 
(Stafford & Magdali, 1953) this enzyme has been 
shown (A. Magdali, Laboratory of Dr B. Vennes- 
land, Department of Biochemistry, University of 
Chicago) not to occur in the fraction from spinach 
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which is most active in regard to carbon dioxide 
fixation into phosphoglyceric acid. 

The following appears to the writer to be the most 
consistent picture which can be formed on the basis 
of the information available at present. Pre- 
illumination of the algae results in the formation of 
a fully reduced acceptor (a phosphate ester) which 
can form phosphoglyceric acid by the fixation of 
carbon dioxide when activated by the carboxylation 
enzyme. This enzyme needs free sulphydryl groups 
in order to function properly, but it does not perform 
any reduction though it may promote an intra- 
molecular oxidation-reduction in the acceptor 
molecule. Such a picture implies that photo- 
synthetic reduction is not directly involved in the 
formation of phosphoglyceric acid but occurs else- 
where in the cycle. This is consistent with a sug- 
gestion which we made earlier (Gaffron et al. 1951) 
on the basis of studies of the formation of phospho- 
glyceric acid by intact cells: namely, that there is 
only a single photochemical reduction step in 
photosynthesis and that this step is the reduction of 
phosphoglyceric acid to the level of carbohydrate. 
All of the observations on the carbon cycle of photo- 
synthesis now available are explicable in terms of 
such a hypothesis. 


SUMMARY 


1. Further work on the cell-free system from 
plant materials which forms phosphoglyceric acid 
by carbon dioxide fixation has shown that the 
precipitate which was termed ‘enzyme’ in a previous 
paper (Fager, 19525) is in fact the source of the 
carbon dioxide acceptor and that the carboxylation 
enzyme is present in the ‘chloroplasts’. 

2. The enzyme is dependent upon free sulphydryl 
groups for activity and the carboxylation is in- 
hibited by cyanide in a manner parallel to the effect 
of this poison on intact algae. 

3. A hot-water extract of pre-illuminated algae 
has been found to be a reliable source of the acceptor. 
When this extract is used, over 90% of the total 
fixation is found in the form of phosphoglyceric acid. 

4. The acceptor is a relatively stable phosphate 
ester. 

5. Vinyl phosphate, phosphoglycollic acid, phos- 
phoglycolaldehyde and ketose phosphates do not 
function as acceptors in the system as studied. 

6. Evidence is presented to show that the fixation 
is not an exchange reaction involving the carboxyl 
group of an ‘active’ phosphoglyceric acid. 

7. It is suggested that there is only a single 
photochemical reduction step in photosynthesis 
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and that this step is the reduction of phospho- 
glyceric acid to the level of carbohydrate. 


The author is indebted to Mr Hans Troll for assistance in 
the experimental portion of this work and to Drs J. Franck, 
H. Gaffron and J. L. Rosenberg for many valuable discus- 
sions of the observations and their interpretation. 
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The Ketonic Carotenoid Canthaxanthin Isolated from a Colour Mutant 
of Corynebacterium michiganense 


By S. SAPERSTEIN anp M. P. STARR 
Department of Bacteriology, University of California, Davis, California 


(Received 1 December 1953) 


During investigation of the carotenoids produced 
by mutant strains of the bacterial phytopathogen 
Corynebacterium michiganense (E. F. Smith) Jensen 
(Saperstein, Starr & Filfus, 1954), a pigment was 
isolated which resembled canthaxanthin, a caro- 
tenoid only recently found by Haxo (1950) in the 
basidiomycete Cantharellus cinnabarinus. The 
present report summarizes the experimental work 
that leads to the conclusion that the C. michiganense 
pigment is indeed identical with fungal cantha- 
xanthin. In addition, further chemical and physical 
properties of the pigment are reported and a likely 
structure is suggested. 


METHODS AND RESULTS 


Culture. The orange strain (4938) of C. michiganense, one of 
the colour mutants examined by Saperstein et al. (1954), was 
used for this study. This culture had been isolated by Ark 
(1951) from a naturally occurring yellow strain which had 
been treated with uranium sulphate. Both the parent and 
mutant strains were pathogenic for tomato; the mutant was 
less virulent than the parent, but did cause definite infection 
with mild symptoms. 

Medium. For mass cultivation of the micro-organism, 
a medium having the following composition per 100 ml. was 
used: peptone, 1 g.; yeast extract, 0-5 g.; glucose, 1 g.; the 
pH was 6-8. The medium, less the glucose, was sterilized by 
autoclaving for 20 min. at 121°; then the glucose, which had 
been autoclaved separately for 15 min. at 121° as a concen- 
trated, acidified solution, was added aseptically. The 
methods employed for growing and collecting the cells and 
for extracting the mixture of carotenoids were similar to 
those described in other publications of the writers (Starr & 
Saperstein, 1953; Saperstein et al. 1954). 

Chromatographic separation of the carotenoids. A light 
petroleum solution of the extracted carotenoids, previously 
dried over anhydrous Na,SO,, was chromatographed on a 
column of a 2:1 (w/w) mixture of magnesia (2641 of West- 
vaco Chemical Co., Newark, California) and Hyflo Super-cel 
(Johns-Manville Corp., New York). The chromatogram was 
developed with 5% (v/v) acetone in light petroleum (b.p. 
60-70°). A typical column appeared as follows (the figures 
denote width of zone in mm.): orange (2), cryptoxanthin; 
purple (8), canthaxanthin; clear (1); dark red (2), cis- 
canthaxanthin; clear (30); orange (2), B-carotene. 

The column was cut and each pigment eluted with 1:1 
(v/v) benzene: methanol (cryptoxanthin and £-carotene) or 
1:1 (v/v) CHCI,: methanol (canthaxanthin). The carotenoids 
in the two orange zones were identified as cryptoxanthin and 
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B-carotene (Saperstein et al. 1954) and will not be considered 
further here. The pigments eluted from the purple and red 
zones were rechromatographed to remove traces of the other 


pigments. 


Characterization of canthaxanthin 


Crystallization. The purple carotenoid eluted from the 
column was crystallized from benzene:methanol. The 
crystals were dark red to purple in colour and formed thin 
trapezoidal plates and prisms. Following the third crystal- 
lization, the melting point of the crystals, determined with 
a Fisher-Johns apparatus, was 218° (corr., sealed in capillary 
under N,). The yield of this pigment was approximately 
2-7 mg./10 g. residual dry wt. of cells. 

Analysis. The sample purified by chromatography and 
crystallized from benzene: methanol as described above was 
analysed. (Found: C, 85-28, 85-34; H, 9-39, 9-41. Cale. for 
CyoH;20,: C, 85-05; H, 9-28. Calc. for CypH;4O.: C, 84-75; 
H, 9-60%.) Catalytic hydrogenation in 1:1 (v/v) cyclo- 
hexane: glacial acetic acid using platinum oxide catalyst 
indicated the presence of 12 carbon-carbon double bonds. 

Colour reactions. When a solution of the pigment in ether 
was layered over conc. H,SO,, a blue-purple colour de- 
veloped. With 85% H,PO, or with conc. HCl, no colour was 
observed. A blue colour was obtained with the antimony 
trichloride reagent (Carr & Price, 1926), suggesting the 
polyene nature of the pigment. 

Partition tests. On partition between 95% (v/v) aqueous 
methanol and light petroleum, the pigment was distributed 
almost equally in both phases (slightly more in the hypo- 
phase). With 85 % (v/v) methanol, the pigment was definitely 
epiphasic. 

Spectral data. A single absorption maximum in the visible 
region, as determined with the Beckman Spectrophoto- 
meter model DU, was located as follows: in CS,, 501 my.; in 
benzene, 480 my.; in hexane, 468 my.; in ethanol 477 mu. 
When the hexane solution was treated with iodine (in light) 
to catalyse stereoisomerization, the position of the maximum 
shifted by approximately 4 my. towards the shorter wave- 
lengths. The extinction curve for canthaxanthin in benzene 
is shown in Fig. 1. 

Chromatography. On a column of Ca(OH),: Hyflo Super- 
cel (Shell Brand lime, chemical hydrate; 98% through 325 
mesh), canthaxanthin is adsorbed from light petroleum 
below lycopene, but above y-carotene. Chromatographic 
homogeneity with an authentic sample of canthaxanthin 
from Cantharellus was shown by the following: after each 
had first been chromatographed separately on columns of 
Ca(OH),, the C. michiganense pigment was mixed with the 
fungal canthaxanthin. The benzene solution of the two 
carotenoids was percolated through a column of Ca(OH),: 
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Hyflo Super-cel (2:1, w/w) and the resulting red band was 
developed with light petroleum, followed by 8% (v/v) 
acetone in light petroleum. A single major red band moved 
down the column preceded by a faint, and much narrower, 
orange band (see below). A similar mixed chromatogram 
test was performed by Dr F. T. Haxo at his laboratory; 
using MgO: Celite columns, he was not able to separate the 
bacterial carotenoid from the Cantharellus pigment. 

Provitamin A activity. Canthaxanthin from C. michi- 
ganense was assayed for provitamin A activity by the 28-day 
bio-assay of the U.S. Pharmacopoeia XIII. No activity was 
observed when the carotenoid was given to three groups of 
fifteen rats each at levels of 1, 2, or 4yug./day. If one-half 
of the molecule had the configuration corresponding to 
vitamin A, detectable activity would have been found at the 
lyg. level. Since the group receiving 4ug./day was also 
negative, canthaxanthin can be considered as devoid of 
provitamin A activity; hence, the compound probably 
lacks an unsubstituted B-ionone ring. 


Examination of the red pigment 


The red pigment falling just below canthaxanthin on the 
MgO chromatogram and appearing orange on a Ca(OH), 
column, gave chemical and physical tests similar to can- 
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thaxanthin. The position of its absorption maximum, how- 
ever, was displaced several mu. towards the shorter wave- 
lengths compared with canthaxanthin. When a hexane 
solution of this red pigment was treated with iodine in the 
light, the position of the absorption maximum shifted to- 
wards the longer wavelengths (observed visually with a 
Zeiss hand spectroscope). Thus, this pigment is probably 
a cis isomer of canthaxanthin. The faint orange band noted 
on the Ca(OH), column when fungal canthaxanthin and the 
bacterial pigment were chromatographed together, con- 
sisted of a pigment which behaved like the red pigment 
described in this section and undoubtedly is, also, a cis 
isomer of canthaxanthin. 


Reduction product 


The canthaxanthin obtained from C. michiganense was 
reduced with aluminium isopropoxide according to the 
method of Karrer & Solmssen (1935). The major pigment 
obtained from this treatment was purified chromatographic- 
ally on Ca(OH), columns. The absorption maxima (black 
type) and minima of this pigment in hexane, determined 
with the spectrophotometer, were as follows: 487, 474, 457, 
442, 432, 374, 368, 362 my. (Fig. 2). A light petroleum 
solution of the reduced canthaxanthin, when partitioned 
over 95% (v/v) aqueous methanol, showed an equal 
distribution of the pigment between the two phases. When 
partitioned over 90% (v/v) methanol, the reduced pigment 
was epiphasic. The new pigment gave a purple colour with 
conc. H,SO,, and a blue colour with 85% H,PO,. No colour 
was observed with conc. HCl. In accordance with recom- 
mended nomenclature (Amer. chem. Soc., 1946), this 
reduction product, presumably a carotenoid alcohol, is 
named canthaxanthin-diol. 


DISCUSSION 


The Corynebacterium pigment is almost certainly 
the same as Cantharellus canthaxanthin, as indi- 
cated by a comparison of our data with those of 
Haxo (1950), with respect to the following character- 
istics: melting point, colour reactions with acids, 
partition behaviour, spectral absorption properties, 
position on chromatographic columns relative to 
known carotenoids and properties of cis isomers. 
Furthermore, Dr Haxo and we ourselves have 
independently been able to demonstrate chromato- 
graphic homogeniety of the two pigments. 

This study provides a few additional clues to the 
structure of canthaxanthin. Carotenoids possessing 
a ketone group attached terminally to a system of 
conjugated double bonds, such as capsanthin or 
rhodoxanthin, exhibit an absorption spectrum 
which generally shows two or more maxima or one 
maximum and a definite point of inflexion (Karrer 
& Jucker, 1950). Cross-conjugation of the ketone 
group results in an absorption spectrum with only 
one maximum. Reduction of the ketone in the 
latter instance is thought to yield an alcohol 
derivative which exhibits an absorption curve 
having more than one spectral maximum. Of the 
two other carotenoids known to possess cross- 
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conjugated ketone groups, astacene and myxo- 
xanthin, alteration of the absorption curve upon 
reduction of the ketone group has been shown for 
myxoxanthin only. The results obtained by different 
experimenters for astacene appear to be contradic- 
tory (Goodwin & Srisukh, 1949; Karrer & Wiirgler, 
1943; Kuhn & Sérensen, 1938); however, one might 
assume that the later studies, employing more 
accurate instruments, are the more reliable ones. 

By analogy with these ketonic carotenoids, it is 
likely that canthaxanthin is a carotenoid having 
a carbonyl group cross-conjugated in the system of 
double bonds. This idea is substantiated by the 
shape of the absorption curve of reduced cantha- 
xanthin, the relative absorption maxima of the 
pigment and its reduction product, and the number 
of carbon-carbon double bonds found by catalytic 
hydrogenation. Our assumption that the oxygen 


CH, CH, 
yg 
CH, ~CH—CH=CH—C(CH,)=CH—CH=CH—C(CH,)=CH—CH=CH—CH=((CH,)—CH=CH—CH=C(CH,)—CH=CH—CH 


| 
CH, CCH, 
CH 


atoms are n the 3’ and 4’ positions, rather than 
distributed one to each end-group, is based on the 
tenuous evidence that the reduced pigment is not 
hypophasic in the usual partition tests as are all 
known polyhydroxy carotenoids having at least one 
hydroxyl group in each end-group. 

Canthaxanthin appears to have the formula 
C49H;40, (+ 2H). Based on the foregoing arguments, 
the above structure is tentatively assigned to this 
compound. 

Further experimental study is clearly required for 
more complete elucidation of the constitution of 
this carotenoid. 


SUMMARY 


1. The major carotenoid pigment obtained from 
an orange colour mutant of Corynebacterium michi- 
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ganense is identical with canthaxanthin from the 
fungus Cantharellus cinnabarinus. 

2. The compound appears to be a ketonic caro- 
tenoid, showing a single absorption maximum in the 
visible, with a probable formula C,)H;,O, (+ 2H) 
and a cross-conjugated carbonyl group. A tentative 
structure is suggested. 

3. Reduction of canthaxanthin yields cantha- 
xanthin-diol, a new carotenoid alcohol. 


The writers acknowledge with thanks their indebtedness 
to Dr P. A. Ark for providing the culture and performing 
tests of virulence, to Dr H. J. Deuel, jun., for the provitamin 
A assay, to Dr A. J. Haagen-Smit for the catalytic hydro- 
genation, to Dr F. T. Haxo for a sample of fungal cantha- 
xanthin and for confirmatory mixed chromatograms. The 
generous interest of Dr T. W. Goodwin, Dr F. T. Haxo, 
Dr C. B. van Niel and Dr L. Zechmeister during the study 
and preparation of this report is greatly appreciated. 
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Uridine Compounds in Glucuronic Acid Metabolism 
1. THE FORMATION OF GLUCURONIDES IN LIVER SUSPENSIONS 
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Although much interest has been shown in recent 

years in the biochemistry of glucuronic acid, very 

few facts can be regarded as firmly established and 

virtually nothing is known of the mechanisms by 

which it is synthesized or incorporated into those 
* In receipt of a grant from the Medical Research Council. 
+ External Staff, Medical Research Council. 


compounds which contain it. We have accordingly 
extended earlier work on the synthesis of glucu- 
ronides (glucosiduronic acids) by liver slices (Storey, 
1950) to broken-cell suspensions, in the hope that 
a study of this relatively simple process might yield 
some insight into such problems. In the course of 
this work we observed that glucuronide formation 
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did not take place unless a boiled extract of liver 
was also added to the system (Dutton & Storey, 
1951). This extract could not be replaced by any of 
a wide variety of metabolic intermediates and co- 
factors, and it was suspected that a hitherto un- 
known compound might be responsible. In sub- 
sequent work (Dutton & Storey, 1953) we have 
isolated, probably in a pure state, a nucleotide 
containing uridylic acid, labile phosphorus and 
glucuronic acid, which may have a structure some- 
what analogous to the uridine diphosphate glucose 
of Leloir and co-workers (Caputto, Leloir, Cardini & 
Paladini, 1950), and which appears, under the con- 
ditions of incubation, to transfer its glucuronic acid 
to the o-aminophenol or menthol present. 

The present paper describes the adaptation to 
suspensions of the method of Levvy & Storey (1949) 
for measuring glucuronide synthesis in tissue slices 
and the conditions necessary for inducing synthesis 
in such systems. Since the amounts of glucuronide 
synthesized were too small for direct isolation, 
indirect evidence is presented that the final colour 
measured was actually due to glucuronide forma- 
tion. Crude preparations of the new factor were used 
to compare the synthesis of glucuronides in the 
suspension with that in slices and to make a brief 
examination of the enzyme system itself. In some 
instances, however, a relatively pure preparation of 
the factor was also employed. The isolation of the 
pure factor and observations on its chemical 
nature will be described in a further paper. 


MATERIALS AND METHODS 


Estimation of synthetic product. (a) 0-Aminophenol as 
substrate. Since in the method of Levvy & Storey (1949) the 
final pH after protein precipitation must lie between 2-25 
and 2-50, it was necessary to reinvestigate the precipitation 
conditions carefully as the amount of protein to be removed 
might be much larger than in slice experiments. Higher 
concentrations of phosphate buffer (2m) and _ trichloro- 
acetate (1-25m), both solutions brought to pH 2-10 with 
NaOH, were essential to precipitate all protein, to overcome 
the buffering power of the medium and to bring the final 
pH to 2-25. Equal volumes of these two solutions were 
mixed before use, and 3-0 ml. added for every 3-0 ml. of 
incubation mixture. After centrifuging, 4-0 ml. of the 
supernatant were taken for diazotization and coupling 
with N-l-naphthylethylenediamine (Levvy & Storey, 
1949). 

(b) ( —)-Menthol as substrate. The glucuronide formed was 
estimated by the naphthoresorcinol reaction as modified by 
Dr J. Paul (private communication), wherein menthyl- 
glucuronide is extracted with ethyl acetate before measure- 
ment by the Tollens method. Under these conditions the 
glucuronic acid present in the factor itself (Dutton & Storey, 
1953) did not interfere. 

Preparation of suspension. Mice were generally used as 
the source of liver suspension. After the animal had been 
killed by a blow on the neck or by dislocation of the vertebrae, 
the liver was removed at once and cooled in ice. It was then 
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ground in a Potter-Elvehjem glass homogenizer with ice-cold 
alkaline isotonic KCl as suspending medium (0-154m-KCl 
containing 3-2 x 10-4m-KHCO, (Potter, 1948)). The usual 
concentration was 1 g. tissue in 9 ml. alkaline isotonic KCl 
(‘10% suspension’), but on occasion higher concentrations 
were employed. Water was also satisfactory as a suspending 
medium, but gave slightly lower rates of synthesis. 

Measurement of glucuronide synthesis. This was carried 
out by a modification of the method of Levvy & Storey 
(1949). Unless otherwise stated, each 25 ml. conical flask 
contained 0-2-0-3 ml. of 0-5m potassium phosphate buffer, 
pH 7-4, 0-2 ml. ofa solution containing 6 mg. o-aminophenol 
and 50 mg. ascorbic acid in 25 ml. water (this solution could 
be kept indefinitely at — 20°), 0-1 ml. of 0-3m-MgCl,, 0-5 ml. 
suspension and any additional substrates and water to a total 
volume of 3-0 ml. The final o-aminophenol concentration 
was 0:0015% (1-4x10-4m), since the concentration of 
0-0025 % used for liver-slice experiments was found to be 
inhibitory with suspensions. The suspension was added last, 
with the flasks standing on ice. The gas phase was air, except 
where specifically mentioned. In some of the initial experi- 
ments the phosphate buffer was replaced by a mixture of 
0-15 ml. of 0-4m-KHCO, and 0-15 ml. of 0-5m potassium 
phosphate at pH 7-4, with a gas phase of 95% O, and 5% 
CO,. Incubation was at 37° in a Warburg bath, with shaking. 
Since the reproducibility of the results was much greater 
with suspensions than with slices, it was sufficient to carry 
out determinations in duplicate. The results are expressed 
as ug. o-aminophenol conjugated/wet wt. liver used, in the 
time of incubation (usually 30 min.). When (-—)-menthol 
was employed as substrate, the final concentration was 
0-1 % (0-0064m). 

Phosphatase activity. This was assayed by the method of 
King (1946), using diphenyl phosphate as substrate. The 
unit of activity is that amount of enzyme liberating 1 mg. 
phenol in 15 min. incubation (Abul-Fadl, King, Roche & 
Thoai, 1949). 

Mouse kidney phosphatase. The 10% water suspension of 
mouse kidney was diluted to 0-1% for use. 

Mouse intestinal phosphatase. A 10% water suspension 
was prepared from the upper 4-6 in. of mouse small intestine, 
which had been slit lengthwise and washed in 0-9% (w/v) 
NaCl. 

Dog intestinal phosphatase. Prepared according to 
Abul-Fadl et al. (1949), as far as the end of the second 
acetone precipitation. 

Calf intestinal phosphatase. This specimen (a gift from 
Dr H. Klenow) had been purified according to Schmidt & 
Thannhauser (1943) by (NH,).SO, fractionation up to the 
beginning of the adsorption stages. 


Preparations 


Cytochrome c was prepared from horse heart by the method 
of Keilin & Hartree (1945). 

Diphosphopyridine nucleotide (DPN) was prepared from 
yeast by the method of Williamson & Green (1940). Spectro- 
photometric assay by the method of LePage (1947) showed 
a DPN content of 50%. 

Adenosine triphosphate (ATP). A commercial prepara- 
tion of the Ca salt was converted into the K salt by treatment 
with potassium oxalate. 

«-D-Glucuronic acid 1-phosphate. A synthetic specimen of 
the tripotassium salt (Marsh, 1952) was a gift from Dr C. A. 
Marsh. 
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B-D-Glucuronic acid 1-phosphate. The Ba salt (Touster & 
Reynolds, 1952) was a gift from Dr O. Touster. It was con- 
verted into the K salts by dissolving in dilute HCl, treating 
with K,SO, and neutralizing to pH 7-4 with KOH. 

Substrates and cofactors were converted where necessary 
into the K salts before addition to the reaction flasks, the pH 
being checked generally by the glass electrode, or by indi- 
cator paper if the volume of solution available was very 
small. 


RESULTS 
Interference from B-glucuronidase 


It was initially necessary to find out whether any 
glucuronide that might be formed in the suspension 
system would be destroyed at pH 7-4 by the B- 
glucuronidase present. Known amounts of o- 
aminophenylglucuronide were added to the system 
containing suspension, buffer, magnesium ions and 
ascorbic acid, with the o-aminophenol omitted, but 
with the addition of varying concentrations of potas- 
sium saccharate as a f-glucuronidase inhibitor 
(Karunairatnam & Levvy, 1949). After incubation 
for an hour in absence of saccharate, only slight 
hydrolysis (5 %) had taken place, and all hydrolysis 
could be prevented by concentrations of 0-0001M 
and upwards. This concentration of saccharate was 
therefore added as routine in the early experiments, 
but it was generally omitted subsequently. 


Attempts to induce glucuronide synthesis 
im suspensions 


When o-aminophenol, ascorbic acid and suspen- 
sion in a bicarbonate-phosphate buffer to a total 
volume of 3ml., and gassed with oxygen and 
carbon dioxide, were incubated for varying periods 
with or without saccharate, the only evidence for 
the formation of o-aminophenylglucuronide was 
the gradual development, after diazotization and 
coupling, of a very faint pink colour, which was 
absent from unincubated mixtures, from those 
with boiled suspension and from those without 
o-aminophenol. This colour will be subsequently 
referred to as the ‘endogenous’ level of synthesis. 
The amount of o-aminophenol conjugated was never 
more than 10-15% of the activity shown by a 
corresponding weight of liver slices in bicarbonate 
Ringer (Storey, 1950). 

Since the performance of synthetic reactions 
appears to require high-energy phosphate, the effect 
of ATP or a system known to generate ATP from 
adenosine 5’-phosphate by oxidative phosphoryla- 
tion was studied. A large number of experiments 
was performed with systems containing magnesium 
ions, fumarate, «-keto acids, DPN, cytochrome c 
and adenosine 5’-phosphate in varying proportions 
and combinations, but an appreciable increase in 
the conjugation was not observed on any occasion. 
(Nicotinamide added to inhibit breakdown of DPN 
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appeared to cause oxidation of the o-aminophenol 
with the formation of a brown product.) Magnesium 
itself caused some stimulation (see later), but the 
further addition of ATP was only slightly more 
effective. When, however, it was found that the 
production of the colour was not decreased under 
anaerobic conditions, it seemed possible that the 
suspension system lacked some specific factor or 
group of factors, rather than an energy source. 
A large number of possible cofactors and inter- 
mediates was accordingly examined, but, as 
reported elsewhere (Dutton & Storey, 1951) an 
appreciable effect was not found in any case. Many 
of these substances were also tested in the phos- 
phorylating system described above, but an increase 
over the ‘endogenous’ synthesis was not obtained. 


The effect of boiled liver extract 


Although increasing the suspension concentration 
gave a distinct increase in the final ‘endogenous’ 
colour, precipitation difficulties limited the amount 
which it was practicable to add. It did, nevertheless, 
suggest that the suspension contained some factor 
which increased the conjugation process, and a 
boiled extract was accordingly prepared and added 
to the incubation mixture in the hope that this 
factor, if thermostable, would then be present in 
sufficient amount to increase the conjugation with- 
out incurring difficulties in protein precipitation. 

Fresh guinea pig liver (12 g.) was disrupted in 
10 ml. of 0-5% potassium chloride, poured into 
30 ml. boiling potassium chloride solution and 
boiled for 10min. The mixture was cooled and 
centrifuged, giving a cloudy pale-green solution. 
This supernatant (‘boiled extract’) was added to the 
system in varying amounts. Suitable controls, 
either unincubated or with the o-aminophenol 
added after incubation, were set up to allow for 
interference from glycogen and substances in the 
extract and suspension giving pink colours im- 
mediately after diazotizing and coupling. The 
results (Table 1) showed that the amount of o- 
aminophenol conjugated had greatly increased, to 
Table 1. Effect of boiled liver extract on glucuronide 
synthesis by liver suspension system 


The digests contained 0:3 ml. phosphate: bicarbonate 
buffer, pH 7-4, 0-2 ml. o-aminophenol: ascorbic acid, 0-1 ml. 
0-3m-MgCl,, 0-5 ml. 10% mouse-liver suspension, extract 
and water to 3-0 ml. Incubation for 30 min. 


o-Aminophenol 


Extract added conjugated 


(ml.) (ug./50 mg. wet wt. liver) 
0 0-9 
0-3 5-6 
0-5 7-0 
1-0 8-1 
With slices 9-5 
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a level comparable with that of slices in the same 
medium. If the o-aminophenol was added after 
incubation, or if the suspension itself was boiled, 
conjugation did not take place. 

These experiments seemed to show that the 
boiled extract contained a factor which in the 
presence of the suspension and o-aminophenol 
resulted in the formation of o-aminophenylglucu- 
ronide, but experimental proof was needed that the 
product giving the colour was a glucuronide. Since 
the amount of the reaction product formed in these 
experiments was very small, actual isolation and 
chemical characterization were impracticable and it 
was necessary to adduce other evidence. 


The nature of the synthetic product 


Colour development. When large amounts of 
either the boiled extract or suspension were used, 
a pink coloration became visible immediately after 
adding the naphthylethylenediamine in the colour 
reaction, and thereafter did not increase further in 
intensity. This effect was also observed in the 
absence of o-aminophenol. Although interference 
was very slight at the levels of extract and sus- 
pension normally used, it was always allowed for by 
suitable controls. Probably p-aminobenzoic acid or 
some similar compound was responsible for this 
interference, which could be clearly distinguished 
from the very slow colour development given by the 
synthetic product and by authentic o-amino- 
phenylglucuronide, which is complete only after 
2 hr. at 25° and pH 2-25 (Levvy & Storey, 1949). 
A specimen of 0-aminophenylsulphuric acid (kindly 
presented by Dr A. B. Roy) did not yield any colour 
under these conditions, showing clearly that ester 
sulphate was not being measured. 

Tollens reaction. When (— )-menthol was used as 
substrate in the incubation with boiled extract, 
a strong purple coloration was obtained with 
naphthoresorcinol. The control without menthol 
was nearly colourless. This result, though not con- 
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clusive, made it highly probable that a glucuronide 
was being synthesized. 

Action of B-glucuronidase. If the product were 
actually a glucuronide then it should be hydrolys- 
able by £-glucuronidase, and this hydrolysis should 
be inhibited by saccharate (Karunairatnam & 
Levvy, 1949). The synthetic system with boiled 
extract was set up with only half the usual quantity 
of buffer. After incubation for 30 min., the pH was 
lowered by hydrochloric acid and buffered to pH 5-2 
with 0-3M citrate. After the addition of B-glucu- 
ronidase and saccharate (where necessary), hydro- 
lysis was allowed to take place for 2-5 hr. Protein 
was then precipitated and the colorimetric estima- 
tion carried out as usual. In the control synthesis, 
B-glucuronidase was not added until after the 
second incubation. The experiment was repeated 
with an ox-spleen £-glucuronidase preparation 
kindly given by Dr R. I. Cox. The combined results 
are shown in Table 2, compared with a series in 
which known o-aminophenylglucuronide was added 
to a similar series of flasks, except that o-amino- 
phenol was not present and the first incubation was 
omitted. It will be seen that the product synthe- 
sized by the addition of boiled liver extract to the 
suspension was identical with o-aminophenyl- 
glucuronide, both in its destruction by f-glucu- 
ronidase and in the inhibition of this process by 
saccharate. This result, taken together with those 
preceding, does not leave any reasonable doubt that 
glucuronide synthesis was being measured. 


The preparation and properties of the 
crude active factor 


The above experiments showed that boiled liver 
extract contained a factor which led to the forma- 
tion of glucuronides when incubated with the 
suspension system. In this section the preparation 
of a crude but stable preparation of the factor and 
some observations on its chemical properties are 
recorded. 


Table 2. Hydrolysis of synthetic product by B-glucuronidase 


All flasks contained 0-1 ml. 0-5m phosphate buffer, pH 7-4, 0-5 ml. 10% suspension, 0-5 ml. boiled extract, 0-2 ml. 
o-aminophenol: ascorbic acid, 0-1 ml. 0-3m-MgCl,, water to 2:0 ml. Incubation for 30 min., then 0-05 ml. N-HCl, 0-3 ml. 
0-3m citrate buffer, pH 5-1, added; where indicated, also 0-4. ml. £-glucuronidase, 0:3 ml. 0-015m saccharate. Total 
volume 3-0 ml. Incubation for 2-5 hr. With known o-aminophenylglucuronide, o-aminophenol and first incubation 
omitted. 


Control synthesis 
Synthetic product + B-glucuronidase 


o-Aminophenol conjugated (yg.) 


Mouse liver Ox spleen 
glucuronidase glucuronidase 
7-0 6-3 
4:8 5-4 


Synthetic product + B-glucuronidase + saccharate 6-8 6-0 


Known o-aminophenylglucuronide 


8-5 8-4 


Known o-aminophenylglucuronide + B-glucuronidase 5-0 6-1 


Known o-aminophenylglucuronide + 
£-glucuronidase + saccharate 


7-5 8-2 
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Acetone precipitation. When a large excess of 
acetone was added to the boiled extract, a precipi- 
tate was thrown down which gave an active solution 
on redissolving in water. It could be stored for 
several weeks if kept in vacuo at 0° over P,O; and it 
showed only a very small, immediate, pink colour in 
the colour reaction, but it contained much glycogen 
and inorganic salts. However, if the finely minced 
liver was extracted with a solution of trichloroacetic 
acid rather than with boiling potassium chloride 
solution, the glycogen could be precipitated with 
ethanol and the active factor by an excess of 
acetone. 

Freshly excized rabbit liver (120 g.) was chilled 
in ice and disrupted in 50 ml. of ice-cold water in a 
high-speed blender. All subsequent operations 
were conducted at as low a temperature as possible. 
The mash was treated with 18 g. trichloroacetic acid 
(A.R.) in 40 ml. of water, gradually and with 
constant stirring. The precipitated protein became 
granular and the mixture could then be strained 
through muslin. To the cloudy yellow filtrate an 
equal volume of ethanol was added, the glycogen 
centrifuged off and the supernatant poured into 
10 vol. of acetone. The precipitate was very hygro- 
scopic and lost its activity rapidly if allowed to take 
up moisture. Neutralization of the solution after 
glycogen precipitation gave a much more stable 
preparation, and the resulting cream-coloured 
powder (‘crude factor’), stored over P,O; in vacuo 
at — 20°, remained active for many months. 

Stability. To obtain larger quantities of starting 
material the livers of the ox, sheep and pig were 
obtained at the slaughter-huuse as fresh as possible 
and were transported to the laboratory packed in 
ice. These sources, however, did not furnish an 
extract with detectable activity, whereas freshly 
removed livers from rats, mice and guinea pigs 
invariably did so. The suspicion that rapid de- 
struction of the active factor took place after the 
death of the animal was confirmed by the observa- 
tion that a delay of even a few minutes in removing 
the livers from the rabbits gave a greatly diminished 
yield. 

Effect of acid and alkali. Solutions of the crude 
factor were made 0-1N with respect to hydrochloric 
acid and potassium hydroxide, and the tubes placed 
in a boiling-water bath for varying periods. After 
being cooled and neutralized to pH 7-4, they were 
assayed for synthetic activity (Fig. 1). 

Action of phosphatase. When it was found that the 
reaction took place anaerobically (see later), it was 
thought possible that the factor might be glucuronic 
acid 1-phosphate or some related compound, as 
suggested in earlier experiments (Storey, 1950); for 
although there was as yet no direct evidence that 
the factor was a phosphate ester, its rapid destruc- 
tion in intact liver and by acid and alkali suggested 
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that this might be the case. A study was therefore 
made of its stability towards alkaline phosphatase 
from different sources and of varying degrees of 
purity, the results being shown in Table 3. The 
crude alkaline phosphatase preparations destroyed 
the activity almost completely, whereas the more 
active partially purified enzymes were much less 
effective even though in higher concentration. These 
results might be explained if the factor were not 
a simple type of phosphate ester and the effective- 
ness of the crude preparations were due to other 
types of phosphatases. 

The active factor was also attacked by an acid 
phosphatase preparation. With a 20% mouse-liver 
suspension in 0-03m acetate buffer at pH 5-0 for 
30 min., 65 % of the activity was destroyed. 


Distribution of the factor 


The factor could not be demonstrated in boiled 
extracts of rat and mouse kidney, muscle and brain, 
or of dried wheat germ. Baker’s yeast was also 
examined, but a boiled extract could not be used 
owing to the presence of large amounts of inter- 
fering material, presumably largely p-aminobenzoic 
acid. The yeast was therefore extracted with cold 
trichloroacetic acid, the starch precipitated with 
ethanol and the supernatant treated with 4 vol. of 
acetone. The product so obtained did not show any 
activity. 


8 


o-Aminophenol conjugated (ug.) 


0 2 4 6 8 
Time of heating at 100° (min.) 


Fig. 1. Effect of acid and alkali on the activity of the crude 
factor. Crude factor (5 mg.) made 0-1m with respect to 
HCl or KOH, heated in boiling-water bath for varying 
periods and neutralized to pH 7-4, then 0-2 ml. 0-5m 
phosphate buffer, pH 7-4, 0-5ml. 10% suspension, 
0-1 ml. 0-3mM-MgCl,, 0-2 ml. o-aminophenol: ascorbic acid 
added. Total volume 3-0 ml. Incubation for 30 min. 
Values corrected for ‘endogenous’ synthesis. x— x, 
0-1n-HCl; O—O, 0-1N-KOH 
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Table 3. Effect of alkaline phosphatase preparations on activity of factor 


The digests contained 1-0 ml. Na,CO,: NaHCO, buffer, pH 9-2, 0-5-1-0 ml. crude factor (10 mg./ml.), phosphatase and 
water to 2-1 ml. Incubation at 37°. N-HCl (0-1 ml.) added, heated at 100° for 2 min.; then 0-2 ml. 0-5m phosphate buffer, 
pH 7-4, 0-3 ml. 20 % mouse liver suspension, 0-2 ml. o-aminophenol : ascorbic acid, 0-1 ml. 0-3M-MgCl,. Incubation at 37° 
















for 30 min. 
0-1% Mouse 10% Mouse 
kidney intestine Dog Calf intestine 

Enzyme preparation suspension suspension _ intestine — ——__——, 

Activity (units/ml.) 2:3 0-08 40 500 
Si ae 

Units of enzyme added 0-23 0-008 7-2 1-0 1-0 10 
Time of incubation (min.) 45 20 20 20 40 40 





o-Aminophenol conjugated (ug./60 mg. wet wt. liver) 
A 
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eS 

Untreated extract 4-1 3-3 5:5 8-1 53 4-1 
Extract after treatment with phosphatase 0-9 1-7 4:3 6-0 3-3 1-9 








placing sodium. The incubation period was only 
15 min. and the pH was checked after incubation. 
From Fig. 2 it will be seen that there was a maximum 
© at pH 7-6-7-9. In practice, however, pH 7-4 was 
3 chosen to avoid precipitation of magnesium. 
Nitrogen and cyanide. In striking contrast with 
the suppression of glucuronide synthesis by slices 
under anaerobic conditions was the finding that 
suspensions incubated with either the crude or the 
partially purified factor in nitrogen did not show 
any depression when compared with those in air or 
pure oxygen. The ‘endogenous’ synthesis was like- 
1 wise unaffected by anaerobic conditions. Cyanide 
(0-0004—0-01m) also did not depress the synthesis 
significantly when carried out under aerobic condi- 
tions, using either the crude or partially purified 
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0 factor. It was therefore evident that the reaction 
50 60 70 80 90 was not dependent upon concurrent oxidative 
pH reactions. 
Fig. 2. Influence of pH on glucuronide synthesis, using Bicarbonate. Suspensions in isotonic potassium 





Michaelis (1931) veronal buffer, with Na+ replaced by chloride were incubated either in 0-04m phosphate 
K+. Each flask contained 1-7 ml. buffer, 5mg. crude buffer with oxygenas the gas phase, or ina buffer con- 
factor and other additions as for Fig. 1. Total volume taining 0-025m phosphate and 0-016 bicarbonate 









3-0 ml. Incubation for 15 min. with oxygen containing 5 % carbon dioxide, the pH 
: : ; after equilibrating being 7-3. A difference between 
Factors influencing the synthetic process the amounts of o-aminophenylglucuronide syn- 






A study of the effects of various factors upon the _ thesized in the two media could not be detected, 
synthetic reaction in suspensions was carried out to even when cups containing 20% potassium 
determine the optimum conditions of the process, hydroxide were used to absorb traces of carbon 
and to enable it to be compared with glucuronide dioxide in the case of the pure phosphate medium. 
synthesis in liver slices. Although the crude factor These results were in marked contrast with the 
was generally used in these experiments, in certain finding that liver slices may synthesize several 
cases a much purer material obtained by barium: times as much glucuronide in bicarbonate Ringer as 
ethanol fractionation and chromatography on _ in phosphate Ringer (Storey, 1950). 
Dowex-1 anion-exchange resin (Dutton & Storey, Sulphate. Storey (1950) found that 0-0012M 
1953) was employed as well, but no essential differ- sulphate caused considerable inhibition of glucu- 
ence between the two preparations was observed. ronide synthesis in liver slices. In the suspension 

pH. Since the buffering power of phosphatewas system 0-005m sulphate did not show inhibition 
inadequate above pH 7-6, and caused precipitation when compared with a control containing an 
with magnesium ion, the Michaelis (1931) veronal: equivalent amount of potassium ions added as the 
acetate buffer was used, with potassium ion re- chloride. 
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Glucuronate and saccharate. p-Glucurone treated 
with the equivalent quantity of potassium bi- 
carbonate solution showed some inhibitory effect 
(Table 4), though much less than in the slice 
experiments (Storey, 1950). A sample of ‘potassium 
glucuronate’ as supplied by Corn Products Ltd. 
(kindly given by Dr J. Paul) did not show any 
inhibition in the suspension system. A similar 
sample of ‘sodium glucuronate’, and glucurone 
neutralized with sodium hydroxide instead of 
sodium bicarbonate, did not show an inhibition with 
liver slices (private communication from Dr J. Paul, 


Table 4. Influence of glucuronate on 
glucuronide synthesis 


The digests contained 0-5 mg. crude factor, 0-2 ml. 
0-5m phosphate buffer, pH 7-4, 0-5 ml. 10% suspension, 
0-1 ml. 0-3mM-MgCl,, 0-2 ml. o-aminophenol:ascorbic acid. 
Varying amounts of 0-03m glucurone treated with the 
equivalent quantity of KHCO,, water to 3-0 ml. Incuba- 
tion for 20 min. 
o-Aminophenol conjugated (yg.) 





Glucuronate — 


me 
(m) Expt. 1 Expt. 2 Expt. 3 
0 4-9 6-4 5-4 
0-0005 4-5 — a. 
0-001 4-6 — = 
0-005 3-9 5:3 — 
0-01 — 4-7 ee 
0-02 — 41 3-4 
10 
g 8 
wv 
3 
«o 
2 6 
c 
o 
Vv 
o x 
<x 
a 
° 
= 
& 
$2 
°° 
0 5 10 15 20 25 
Concentration of MgCl, and NaF (mm) 
0 0-2 0-4 06 0-8 1-0 


Concentration of CaCl (mm) 


Fig. 3. Effect of ions upon glucuronide synthesis. Crude 
factor 5 mg., 0-5m potassium phosphate buffer, pH 7-4, 
0-2 ml., 10% liver suspension 0-5 ml., o-aminophenol: 
ascorbic acid 0-2 ml.; total volume 3 ml. Incubation for 
30 min. O—O, Varying amounts of 0-3mM-MgCl, added. 
A—A, 0-3M-MgCl, 0-1 ml., 0-5m potassium phosphate 
buffer pH 7-4 reduced to 0-1 ml., and varying amounts of 
0-06m-CaCl, added. x—x, Varying amounts of 0-3m- 
NaF added; in this experiment partially purified factor 
was used. 
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and unpublished observations). Saccharate, con- 
siderably less effective than glucuronate with slices, 
did not show any inhibition when added to the sus- 
pension up to a concentration of 0-015M. 

A solution of potassium hydrogen saccharate 
(0-05m) was boiled under reflux for 1 hr. to cause 
formation of saccharic 1 — 4-lactone (Levvy, 1952) 
and diluted with 4 vol. of water. When added to the 
synthetic system at a final concentration of 
0-0014™m (calculated as saccharate), no inhibition 
was observed. From the data of Levvy (1952), any 
decomposition of the lactone at pH 7-4 during the 
30 min. incubation period would probably have 
been very small. 

Magnesium. Magnesium ions exerted a favour- 
able influence upon the course of the synthesis, as 
shown in Fig. 3, but since the enzyme system is a 
crude one it was not possible to decide whether it 
was essential. An added final concentration of 
0-01m was generally present in synthetic experi- 
ments. ; 

Sodium and potassium. Although potassium ions 
were always used from the outset with the object of 
providing an environment as close to the intra- 
cellular as possible, synthesis in a system buffered 
with potassium phosphate was only slightly higher 
(about 8%) than when the sodium salt was used. 
The further addition of potassium or sodium ions to 
the sodium phosphate-buffered system did not have 
any apparent effect. 

Calcium. Calcium ions, added as calcium chloride, 
showed a considerable inhibitory effect (Fig. 3). 

Fluoride. Fluoride ions caused some inhibition, 
both with the resin-purified material (Fig. 3) and 
with the crude factor. Magnesium chloride was 
omitted from the medium in these experiments, but 
the inhibition might have been caused by the 
removal of magnesium ions introduced in the 
suspension. 

Concentration of suspension. The rate of formation 
of o-aminophenylglucuronide was approximately 
proportional to the amount of suspension added 
(Fig. 4). The ‘endogenous’ synthesis is also shown, 
although the reaction in this case was generally 
complete within 10 min. The course of the reaction 
with different concentrations of suspension, using 
a purified preparation of the factor, is shown in 
Fig. 5, but similar curves were obtained with the 
crude factor. 


Investigation of the enzyme system 


Only preliminary studies were made on the 
enzyme system, for although a purified preparation 
would have been advantageous, it was soon realized 
that the system was labile and that its activity was 
readily destroyed by many of the usual purification 
procedures, such as ammonium sulphate fraction- 
ation and the preparation of acetone powders. The 
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stability of the enzyme system was investigated by 
keeping a 10% mouse-liver suspension in alkaline 
isotonic potassium chloride for varying periods at 
0°, at — 20° or at 15°. After 1 hr. at 0° about 10%, 
and after 24 hr. 60 % of the activity had been lost. 
Similar results were obtained at — 20°. At 15° the de- 
cline in activity was rapid after approximately 0-5 hr. 


8 


o-Aminophenol conjugated (ug.) 


05 10 15 20 
Volume of 10% liver suspension (ml.) 

Fig. 4. Influence of concentration of liver suspension on 
glucuronide synthesis. A—A, Varying amounts of 10% 
liver suspension, other additions as in Fig. 1. Incubation 
for 30 min. (‘endogenous synthesis’). O—O, As above, 
but with 5 mg. crude factor; values corrected for ‘endo- 
genous’ synthesis. 
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o-Aminophenol conjugated (g.) 


30 60 90 120 
Time of incubation (min.) 


Fig. 5. Influence of incubation time on glucuronide syn- 
thesis in liver suspensions, in presence of partially purified 
factor. Other additions as in Fig. 1; O—O, 0-5 ml. sus- 
pension; x — x, 1-0 ml. suspension ; A—A, 2-0 ml. suspen- 
sion. All curves corrected for ‘endogenous’ synthesis. 
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After low-speed centrifuging of a 10 % suspension 
in alkaline isotonic potassium chloride for 5-10 min. 
at 1600 g, most of the activity was present in the 
supernatant, although the washed residue seemed 
to increase this activity slightly. The fractionation 
of rat-liver suspensions in 0-25M sucrose according 
to Schneider & Hogeboom (1950) was therefore 
studied. The activity was absent from the low- 
speed residue (sedimented at 700 g for 10 min.) and 
from the high-speed supernatant (27000g for 
1-5 hr.), but appeared to be connected with the 
larger (5000 g for 20 min.) and smaller cytoplasmic 
granules. Any conclusions from these experiments 
must be tentative, but it would appear that the 
enzyme in rat-liver suspensions is largely insoluble 
under these conditions. 

Distribution. 10 and 20 % suspensions of mouse 
kidney, spleen, brain and small intestine were 
examined for the presence of the enzyme system 
both with and without added factor, but synthesis 
could not be detected. 


DISCUSSION 

Since the present glucuronide-synthesizing system 
is not affected by anaerobic conditions or by cyanide 
it evidently differs greatly from that in liver slices 
(Storey, 1950), which is dependent on concurrent 
oxidations. The system in suspensions is also not 
influenced by bicarbonate and sulphate ions. 
De Meio & Tkacz (1952) and Bernstein & McGilvery 
(1952) appear to have observed a process of glucu- 
ronide synthesis which requires a source of energy. 
That the process studied here was a simpler one 
seemed at first in accord with a previous suggestion 
that the final step in glucuronide synthesis might 
be the reaction between the aglycone and glu- 
curonic acid 1-phosphate in presence of a phos- 
phorylase (Storey, 1950). When the synthetic «- 
and £-D-glucuronic acid 1-phosphates became 
available, however, we were unable to find any 
synthesis of the glucuronide when either was added 
to the unfortified suspension at a concentration of 
0:005m. Levvy & Marsh (1952) had previously 
failed to observe synthesis with either isomer. The 
phosphatase experiments had also indicated that 
the active factor was probably not a simple type of 
phosphate ester. The net result of the reaction 
described in this paper appears to be the transfer 
of a molecule of glucuronic acid from the factor to 
the aglycone acceptor (Dutton & Storey, 1953). 
Evidence for this will be presented in a future 
publication. 

Since it has been claimed that B-glucuronidase is 
concerned in glucuronide synthesis (for references 
see Levvy, 1953), it is of interest to inquire whether 
our results have any bearing on this view. Whereas 
B-glucuronidase has been demonstrated in nearly all 
the animal tissues studied and is particularly 
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abundant in the spleen, the system we have 
described is absent from that organ in the mouse and 
has so far been found only in the liver. This finding 
agrees with the results of tissue-slice experiments. 
The stability of B-glucuronidase to storage, to 
acetone precipitation and to ammonium sulphate 
fractionation is also in marked contrast with the 
above results. A purified spleen £-glucuronidase 
preparation (kindly given by Dr G. T. Mills) could 
not replace the liver suspension in the synthetic 
system. Although this result might be explicable if 
the system comprised more than one enzyme, we 
have found that saccharate and saccharic 1 > 4- 
lactone (the most powerful £-glucuronidase in- 
hibitor known) do not interfere with the synthesis. 
Finally, Dr G. A. Levvy has very kindly studied the 
effect of a pure solution of the factor upon the 
hydrolysis of phenolphthalein glucuronide by mouse 
liver B-glucuronidase. A 4x 10->m solution of the 
factor did not inhibit the hydrolysis of 12-5 x 10-°m 
or 6-25x10-°m substrate (within experimental 
error), and he concludes that the factor cannot be 
a substrate for 8-glucuronidase. Taken together, the 
evidence appears to show conclusively that this 
enzyme is not concerned in the formation of glu- 
curonides by the present system. 


SUMMARY 


1. Conditions are described for the study of 
glucuronide synthesis in liver suspensions. 

2. Glucuronide synthesis could not be demon- 
strated unless a boiled extract of liver was also 
present. The reaction product has been shown to be 
a glucuronide. 

3. The active factor obtained from liver by 
boiling or by trichloroacetic acid extraction was 
destroyed by acid and alkali and by phosphatase 
preparations. 
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4. The effect of pH and certain other conditions 
upon the synthesis has been studied. 

5. The enzymic activity of the suspensions 
appeared to be located in the particulate material of 
the cell cytoplasm. 

6. The synthesis in suspensions is compared 
with that in liver slices, and the possible relationship 
of £-glucuronidase to the first-named process 
discussed. 
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14. THE ISOLATION AND PROPERTIES OF SUBSTANCES OF HUMAN ORIGIN 


The isolation and properties of human blood-group 
substances which possess A, H and Le* specificity 
from ovarian cyst fluids are described by King & 
Morgan (1944), Morgan & Waddell (1945), Aminoff, 
Morgan & Watkins (1950) and Annison & Morgan 
(1952a, b), and certain of the materials were shown 
to be substantially homogeneous both physically 
and chemically. The present paper describes the 
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isolation of substances having B specificity from the 
same source, and records their chemical, physical 
and serological properties. Earlier work in this field 
is reviewed by Morgan (1947), Bray & Stacey (1949) 
and Kabat (1949). 

A number of useful procedures for the purification 
of blood-group substances derived from ovarian 
cyst fluids have already been described, and it has 
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been found that extraction of the dried, crude cyst 
fluid with 90% phenol is an almost indispensible 
preliminary treatment. This procedure extracts the 
major part of the protein impurities and leaves 
a predominantly mucoid material, which contains 
most of the serological activity, as a phenol-insoluble 
residue. The isolation of the human A, H and Le* 
substances has involved the use of 5% trichloro- 
acetic acid at 0° (Aminoff e¢ al. 1950; Annison & 
Morgan, 1952a, b) but the use of this reagent was 
avoided in the present investigation in order that 
the pH throughout the purification procedure could 
be maintained between 6 and 8, and thus avoid any 
possibility of degradation of the group substance 
due to acid or alkali. 


MATERIALS AND METHODS 


Materials. Ovarian cyst fluids collected as soon as 
possible after surgical removal of the growth, are examined 
serologically for their content of blood-group substances. 
The cyst fluids which are active and of large volume are 
dried from the frozen state or are stored at 0° under toluene 
until required. The dried cyst fluids derived from three 
secretors belonging to group B (patients no. 115, 137 and 
192) were used as starting materials. Each cyst material was 
investigated separately. 

Analytical methods. The methods of analysis employed are 
given by Annison & Morgan (1952a). 

Serological assay. The serological activity of each fraction 
was determined by inhibition of agglutination of group B 
human erythrocytes by anti-B sera, the assay being made as 
described by Morgan & King (1943). Solutions of the sub- 
stances under test (0-1 ml.), serum (0-1 ml.) and erythrocyte 
suspension (0-1 ml.) have usually been employed, but with 
certain test sera available in small amounts only, volumes of 
about 0-01 ml. have been used and the volumes of test 
substance and erythrocyte suspension correspondingly 
reduced. A ‘standard’ preparation of B substance was set 
up with each titration and the serological activity of a 
given sample expressed as a percentage of that of this 
laboratory standard. The standard used throughout was the 
most active crude cyst material available, and was derived 
from cyst no. 115. The estimated serological activity of the 
B active substances depends on the kind of agglutinating 
serum employed in the test and a preliminary report on the 
serological characters of anti-B sera of different origin has 
already been published (Gibbons & Morgan, 1952). The 
following sera were used to characterize serologically the 
most highly purified specimens of B substances. (a) Natural 
human sera from unselected individuals of blood groups A,, 
A, and O. Eighteen different samples were examined, and 
they were, with one exception, found to be identical sero- 
logically under the conditions of test (see Gibbons & Morgan, 
1952). Two specimens (anti-B titres 250) were used diluted 
1:6 for most of the titrations. (b) Immune rabbit anti-B 
sera, obtained after immunization with an artificial antigen 
made from a partially purified sample of B substance and the 
conjugated protein component of the O somatic antigen of 
Shigella dysenteriae (Shiga) (Morgan, 1943; Rainsford & 
Morgan, 1946). Sera from three different rabbits were used, 
with entirely consistent results. (c) Five samples of immune 
human anti-B sera. Three of the sera were made by the 
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immunization of volunteers with a partially purified sample 
of B substance obtained from an ovarian cyst fluid; one 
serum arose as a result of an incompatible transfusion, and 
the other through an injection of T.A.B. vaccine (Davidsohn, 
1938). These immune sera behaved similarly in serological 
titrations. The immune sera were diluted to give an inhibi- 
tion end point at a dilution of about 1:5 x 10° with the most 
active group B preparations. 


EXPERIMENTAL AND RESULTS 


The isolation of B active materials 


The whole of the dried cyst material from cyst 115 (40 g.) 
was extracted with 400 ml. of 90 % (w/w) phenol: water, the 
insoluble material collected by centrifuging and extracted 
three times with 200 ml. quantities of 90% phenol. The 
phenol-insoluble material was washed twice with ethanol, 
dissolved in water and dialysed in a cellophan bag at 0° until 
free from phenol. The material soluble in phenol was found 
to possess negligible serological activity, to contain about 
14% N, and only 0-7 % methylpentose; it was discarded. 

The phenol-insoluble material, which contained much 
gelatinous material after dialysis, was made up to 11. in 
water and fractionally precipitated by the addition of 
acetone. The greater part of the material was precipitated at 
45% (v/v) acetone concentration and was obtained as 
a thick gelatinous substance; this fraction contained the 
most active material when titrated against natural human 
B-serum. 

The fraction precipitated between levels of 45-55 % (v/v) 
acetone (4-7 g.; N, 5-0; methylpentose, 19-4%) was readily 
soluble in water to give clear, slightly viscous solutions, but 
possessed no greater activity than the original crude cyst 
material. This observation was unexpected since past 
experience with cyst materials of A, H and Le® specificity 
had always shown that the material serologically more 
active was to be found in the relatively non-viscous, water- 
soluble materials. This fraction was further purified and the 
isolation from it of a homogeneous material of relatively low 
specitic activity is described under the account of the isola- 
tion of B’ substance. 


The isolation of B substance 


The voluminous jelly precipitated from the aqueous 
solution of the phenol-insoluble fraction at 45% (v/v) 
acetone concentration was dialysed free from acetone and 
shaken mechanically with 1-51. of water for 3 hr. The re- 
sulting viscous solution was apparently a single phase and 
stable to prolonged centrifugation at 3000 g. The material 
in solution was recovered by fractional precipitation with 
ethanol, to which 1% (v/v) of a saturated solution of 
potassium acetate in ethanol had been added to assist 
flocculation. No precipitate formed below 33% (v/v) 
ethanol concentration; the largest fraction (7-6 g.; N, 6-9; 
methylpentose, 15-0%) was precipitated between the levels 
of 33 and 45 % (v/v) ethanol, and was twice as active as the 
laboratory standard. This fraction was somewhat in- 
tractable and difficult to get into aqueous solution, the 
material merely swelling to give a bulky bluish grey trans- 
lucent jelly. After prolonged stirring or shaking, a solution 
could be obtained, but the material frequently became in- 
soluble again on standing. The addition of a small amount of 
1n-NaOH solution at 0°, followed by immediate neutraliza- 
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tion with acetic acid, usually resulted in a more stable 
solution, without apparent impairment of serological 
activity. This treatment was, however, avoided in view of 
the extreme alkali lability shown by the blood-group sub- 
stances (Morgan, 1946; Knox & Morgan, unpublished 
observations). The material dissolved readily in neutral 
50% (w/v) aqueous urea, however, and a 1 % solution in this 
reagent was fractionally precipitated by addition of ethanol 
containing 1 % (v/v) saturated ethanolic potassium acetate. 
The precipitates were washed with a little water into 
dialysis bags and dialysed until free from urea. The results of 
the fractionation are given in Table 1. 

An approximately 0-5 % aqueous solution of the 50-55% 
fraction (Table 1) was refractionated by addition of ethanol 
containing potassium acetate as before. No precipitate 
separated below 45% (v/v) ethanol level. Five fractions 
were collected, the yields and analyses are shown in Table 2. 
The two major fractions, those precipitated between 50 and 
55% (v/v) ethanol concentration, were examined in the 
Svedberg ultracentrifuge, and it was observed that, while 
a considerable amount of heavy material separated rapidly 
shortly after reaching full speed (270000 g), the remainder 
sedimented as a single peak (Fig. 1). These two fractions 
(Table 2, f and g) (05% in 1% NaCl) were accordingly 
centrifuged for 1 hr. at 60000 g in a ‘Spinco’ preparative 


Precipitation 
level Yield 
(%, v/v ethanol) (g.) 
(a) 0-50 2-17 
(b) 50-55 4-30 
(c) Above 55 0-05 


Precipitation 

level Yield 

(%, v/v ethanol) (g-) 

(d) 45-47 0-10 
(e) 47-50 0-53 
(f) 50-52 2-41 
(9) 52-55 1-45 
(A) Above 55 0-01 


Yield 
(g-) 
(f) Supernatant 0-58 
Residue 1-57 
(9) Supernatant 0-38 
Residue 0-80 


Table 1. Fractional precipitation of partially purified B substance (1%, w/v) from solution 
in 50 % aqueous urea by addition of ethanol 


* Against natural human f-agglutinin. 


Table 2. Fractional precipitation of fraction (b) (Table 1) from aqueous solution 
(0-5 %, w/v) by addition of ethanol 


* Against natural human f-agglutinin. 


Table 3. Ultracentrifugation of fractions (f) and (g) (Table 2) 0-5 % (w/v) in 1% (w/v) 
aqueous NaCl at 60000 g for 1 hr. 


* Against natural human f-agglutinin. 
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ultracentrifuge, and the supernatant fluids and deposits 
dialysed free from chloride ion and dried. The analyses of the 
two materials are shown in Table 3. The two supernatants 
were mixed, and examined electrophoretically. The 
material migrated as a single sharp peak but an early test 
plate exposure showed a small, rapidly moving and rapidly 
diffusing component which indicated contamination with 
a second component to the extent of a few per cent. It was 
evident from its mobility at pH 8 in phosphate buffer that 
the contaminant must carry a strong negative charge under 
these conditions. The material was, therefore, dissolved in 
phosphate buffer (pH 8), and was precipitated twice at 
55 % (v/v) ethanol concentration in the hope that the second 





Fig. 1. Ultracentrifuge sedimentation diagram of a 1% 
solution of partially purified B substance in phosphate 
buffer, pH 8, containing NaCl; J=0-35. Exposure after 
20 min. at 270000 g. 





Serological 
activity* 
(% of standard N Methylpentose 
preparation) (%) (%) 
200 8-1 13-5 
400 6-6 16-9 
25 10-1 75 


Serological 
activity* 
(% of standard N Methylpentose 
preparation) (%) (%) 
200 6-7 16-7 
400 6-8 16-9 
400 6-5 16-9 
400 6-4 17-3 


Serological 


activity* 
(% of standard N Methylpentose 
preparation) (%) (%) 
400 6-0 17-8 
400 6-5 16-5 
400 5-9 17-8 
400 6-5 16-9 
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minor component would remain in solution. Subsequent 
electrophoretic examination of the material failed to detect 
more than one component (see Addendum). 

Preparations of B substances have also been obtained 
from cyst 192, as follows. The dried cyst material (82 g.) was 
extracted with 90% phenol, and a phenol-insoluble residue 
(about 20 g.) was obtained. This material, dissolved in 1-5 1. 
water, was fractionated with ethanol. No precipitate was 
formed at the 50% (v/v) ethanol concentration, but on the 
addition of 200 ml. of saturated aqueous NaCl a copious 
precipitate formed. The precipitate after dialysis and 
freeze-drying weighed 15 g. and contained 5-5% N, 14% 
methylpentose, and showed twice the activity of the 
standard B preparation measured against natural £-serum. 
The material remaining in solution (5-2 g.; N, 4-5; methyl- 
pentose, 12-2%; no natural f-activity) was not further 
examined. The original crude cyst material contained Le” 
substance, and it is noteworthy that almost the whole of the 
Le? activity is present in this fraction, which also possesses 
about 25% of the activity of the standard material with 
respect to immune rabbit anti-B sera. The material pre- 
cipitated on the addition of NaCl to the 50% (v/v) ethanol 
solution was soluble in water and gave a thick gelatinous 
solution, similar to the gelatinous fractions obtained from 
cyst 115. This fraction was subjected to ultracentrifugation 
as described above, and the material remaining in the 
supernatant fluid after centrifuging for 1 hr. at 60000 g was 
further purified by successive fractional precipitations from 
solution in 50% (w/v) urea with ethanol, from formamide 
with ethanol, and from aqueous solution with Na,SO,. The 
final product contained 5-5% N, 15-6% methylpentose, 
21% hexosamine, and 52% of reducing sugars; serological 
activity with natural serum was 400 % of that of the standard. 
At a concentration of 1% the material sediments in the 
ultracentrifuge at a rate similar to that found for the B 
substance obtained from cyst 115, and is therefore probably 
of comparable particle size. Certain of its analytical figures 
differ by about 10% from those given by the B substance 
isolated from cyst 115. 


The isolation of B’ substance 


The fraction of the phenol-insoluble material from 
cyst 115 which was precipitated between levels of 45 and 
55% (v/v) acetone concentrations (see above) appeared 
from its analysis to be almost entirely mucoid in character, 
but its serological activity with natural B-serum was only 
a quarter or less of that of the B substance, whose isolation 
has been described. It was originally assumed that there was 
present as a major contaminant an inactive mucoid material, 
and further fractionations were performed in an attempt to 
demonstrate the presence of this unspecific material and 
finally to eliminate it. Diethylene glycol proved to be a very 
selective solvent for some of the chemically similar bacterial 
antigens (Morgan, 1937), and the material was, therefore, 
extracted successively with seven portions, each of 100 ml. 
of this solvent. The extracts were treated with 4 times their 
volume of acetone and the fractions obtained examined. 
The results, given in Table 4, demonstrate that no significant 
separation of the material into fractions differing in chemical 
composition or serological properties was achieved. The 
material which had not dissolved in diethylene glycol was 
extracted further with 90% phenol. Annison & Morgan 
(1952a) found that an Le*-active mucoid initially insoluble 
in phenol became soluble in this solvent after removal of an 
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accompanying gelatinous material. In this instance, how- 
ever, although a prolonged (2-5 days) extraction was per- 
formed, less than 1 % of the material dissolved in phenol. An 
aqueous solution (2%, w/v) of the phenol-insoluble portion 
was further split into four fractions by addition of ethanol 
containing potassium acetate. The yields and analyses are 
given in Table 5. The largest fraction (Table 5; 55-57 %, v/v, 
precipitate) appeared to be chemically and physically homo- 
geneous (see below), but its serological activity with natural 
f-serum remained at the same activity as the original cyst 
substances. It has been found that this preparation is of 
high activity if immune human or animal anti-B sera are 
employed in the serological titration, and since it appeared 
to be a chemical, serological and physical entity, it has been 
designated B’ substance. 

No material identical with B’ substance has so far been 
isolated from cyst fluid 192 but a number of mucoid fractions 
which show a greater differentiation of serological activity, 
in terms of reactivity with natural £-agglutinin and immune 
anti-B agglutinin, than material B’ have nevertheless been 
obtained. One material showed 3 and 100%, respectively, 
of the activity of the laboratory standard in titration 
experiments using these two anti-B reagents. The cyst fluids 
obtained from two ‘secretors’ belonging to group A, B have 
also yielded mucoid preparations which show as little as 1% 
of the activity of the standard material when titrated 
against human f-agglutinin, whereas in terms of activity 
against immune rabbit anti-B serum the specimens were 
twice as active as the standard material. These mucoid 
materials, however, possessed only a fraction (12-5 %) of the 
activity of the standard preparation when titrated against 
immune human anti-B agglutinin, and in this property were 
sharply distinguished from the B’ substance isolated from 


Table 4. Diethylene glycol extraction of partially 
purified B’ substance 


Serological 
activity* Methyl- 
No. of Yield (%ofstandard WN pentose 
extract (g-) preparation) (%) (%) 
1 0-12 100 4-9 17-8 
2 0-22 100 4-7 18-4 
3 0-17 100 4-9 19-2 
4 0-35 100 4-8 18-9 
5 0-42 100 5-2 20-0 
6 0-47 100 5-2 18-9 
7 0-28 100 4:8 18-2 
Undissolved 2-92 100 5-0 19-0 
residue 


* Against natural human f-agglutinin. 


Table 5. Fractionation of material undissolved in 
diethylene glycol (Table 4) from (1%, w/v) aqueous 
solution with ethanol 


Serological 
Precipitation activity* Methyl- 
level Yield (% ofstandard N pentose 
(%, v/v ethanol)  (g.) preparation) (%) %) 
50-53 0-11 100 4-9 19-7 
53-55 1-20 100 49 19-6 
55-57 1-45 100 4-9 20-0 
Above 57 = 0-05 - 100 4-9 19-6 


* Against natural human f-agglutinin. 
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cyst 115. As anticipated, these mucoids possessed A 
activity. A more detailed physical and chemical examination 
of the mucoid fractions which possess low or negligible 
activity against natural f-agglutinin but are fully active 
when assayed against immune rabbit anti-B agglutinin, is 
being undertaken. 


Tests for homogeneity of blood-group substances 


The homogeneity of preparations of B and B’ 
substances obtained from cyst 115 was studied by 
the following procedures. 

Fractional solubility test. A fractional solubility 
test of the type described by Aminoff et al. (1950) 
has been employed. 

(a) B substance. A portion (85 mg.) of the material 
obtained after reprecipitation from buffer of the 
mucoid remaining in the ultracentrifuge super- 
natant fluid (Table 3) was shaken in a 50 ml. 
centrifuge pot with successive small portions of 
water. Four extracts were obtained and there 
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remained a final residue. The yield, total N, methyl 
pentose, hexosamine and reducing value of each 
fraction are recorded in Table 6. (6b) B’ substance. 
The material (300 mg.) was part of the 55-57% 
ethanol precipitate (Table 5). It was treated in 
a similar manner to the B substance, but in this 
instance aqueous 40 % (v/v) ethanol was used as the 
solvent because of the ready solubility of the B’ 
substance in water. The yields and analyses of the 
five fractions obtained are recorded in Table 7. 
Electrophoresis. Both preparations were ex- 
amined electrophoretically at pH’s 4-0 and 8-0, and 
no evidence of inhomogeneity was found. Details 
are given in the Addendum to this paper. 
Ultracentrifugal examination. Both substances 
were examined in the ultracentrifuge. The B 
substance gives a sharp but asymmetric schlieren 
diagram, with a barely detectable amount of a 
heavier component. The B’ substance sediments as 
a single, somewhat polydisperse component. Within 


Table 6. Fractional solubility test for homogeneity of B substance 


Material derived from ultracentrifuge supernatant fluids (Table 3) was extracted with successive amounts of water. 


No. of Yield N 
extract (mg.) (%) 
(a) 

1 11-0 5-7 

2 24-1 5-7 

3 23-2 58 

4 16-5 58 
Final residue 7-2 5-8 

Ist extract 2nd extract 

bla 3-1 3-1 
cla — 3-5 
dja — 8-6 
c/b —_ 1-1 
d/b —_ 2-8 
djc — 2-5 


* After hydrolysis in 0-5N-HCI for 16 hr. 


Methylpentose Hexosamine* Reducing sugars* 
(%) (%, as base) (%, as glucose) 
(6) (c) (d) 
17-7 at —ft 
17-7 20-1 49-6 
17-7 19-4 51-2 
17-5 20-0 51-0 
17-9 19-5 50-5 
3rd extract 4th extract Final residue 

3-1 3-0 3-1 

3-4 3-4 3-4 

8-8 8-8 8-7 

1-1 1-1 1-1 

2-9 2-9 2-8 

2-6 2-5 2-6 


+ Lost during hydrolysis. 


Table 7. Fractional solubility test for homogeneity of B’ substance 


The 55-57 % ethanol precipitate (Table 5) was extracted with successive portions of 40% (v/v) aqueous alcohol. 


No. of Yield N 

extract (mg.) (%) 

(a) 

l 27 48 

2 40 4-8 

3 75 4-9 

4 108 4-9 

Final residue 39 4:8 
Ist extract 2nd extract 

bla 4-2 4-1 

c/a 4-5 4-2 

dja 11-4 11-4 

c/b 1-1 1-0 

d/b 2-7 2-8 

djc 2-6 2-7 


Methylpentose Hexosamine* Reducing sugars* 

(%) (%, as base)  (%, as glucose) 
(b) (c) (d) 

19-9 21-3 54-4 

19-8 20-3 55-1 

19-7 22-1 55-0 

19-8 22-2 54:3 

20-0 22-7 53-9 

3rd extract 4th extract Final residue 

4-0 4-1 4:2 

4:5 4-6 4:7 

11-3 11-3 11-2 
1-1 1-1 1-1 
2-8 2-7 27 
2-5 2-5 2-4 


* After hydrolysis in 0-5N-HClI for 16 hr. 
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the limits of the available test methods these 
materials are substantially homogeneous, and suit- 
able for detailed chemical study and for comparison 
with the A, H, and Le* blood-group mucoids already 
isolated. Details of the behaviour of the preparations 
in the ultracentrifuge are given in the Addendum. 

The results show that on the basis of physical and 
chemical measurement the B and B’ substances 
contain little material other than the single main 
component. 


Properties of the B substances 


The properties to be described are those of the 
two apparently homogeneous preparations ob- 
tained from cyst 115. 

Immunological properties. The B and B’ sub- 
stances, although isolated from the secretions of 
a single individual are serologically distinguishable 
when examined under identical conditions. The B’ 
substance is found to be of the same activity as the 
native crude cyst material when titrated against 
natural human f-serum, whereas the B substance 
shows at least 4 times the activity. On the other 
hand, when titrated with human or rabbit immune 
sera, the B’ substance is found to be about 4 times as 
active as the crude starting material and somewhat 
more active than the B substance. The serological 
characteristics of the B substances are profoundly 
modified by heating in weakly alkaline (pH 7-7-8-0) 
solution in an autoclave at 120° for 30 min. and by 
this treatment rapidly lose their ability to inhibit 
natural human f-sera, whereas their capacity to 
inhibit animal or human immune sera is not im- 
paired and is even somewhat enhanced in the earlier 
stages of the treatment (Gibbons & Morgan, 1952; 
see Fig. 2). After 2hr. heating under these conditions 
the serological activity with immune anti-B sera 
begins to fall. 


200 


Activity (as % of starting material) 





30 60 120 
Time of autoclaving (min.) 


Fig. 2. Effect of heating B substance at pH 7-7 and 120°. 
——-, Activity as measured by human f-serum; x 
activity as measured by rabbit immune anti-B serum. 
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Hydrolysis of the B and B’ substances with 1N 
acetic acid at 100°, on the other hand, slowly 
destroys the serological activity with respect to 
both natural and immune sera at about the same 
rate; the activity falls slowly and by 16 hr. it is 
negligible. The B and B’ substances after hydrolysis 
in N acetic acid at 100° were also tested for their 
capacity to (i) inhibit the haemolysis of sheep 
erythrocytes by rabbit anti-human A red cell serum 
in the presence of complement; (ii) inhibit the 
agglutination of A, cells by human anti-A serum to 
detect that no structures which possess A specificity 
or ‘Forssman’ activity are formed during the acid 
treatment; (iii) precipitate with horse anti-pneumo- 
coccus type XIV serum. The products of periods of 
hydrolysis up to 64 hr. were studied but no evidence 
of the development of ‘ Forssman’ or A activity was 
found. The unhydrolysed materials failed to form 
a specific precipitate with horse-anti-pneumococcus 
type XIV serum, but after hydrolysis for 16 hr. the 
antiserum gave a trace of precipitate with both sub- 
stances at a dilution of 1:4000. After hydrolysis for 
64 hr., however, the amount of precipitate formed 
with the antiserum at this dilution was very small, 
whereas the homologous type XIV polysaccharide 
gave heavy precipitates at all dilutions from 
1:1000 to 1:100000. Materials degraded by auto- 
claving (see above) do not develop type XIV 
reactivity, but do so if subsequently hydrolysed in 
N acetic acid. 

The B and B’ substances, when tested at a con- 
centration of 1 mg./ml., fail to inhibit the following 
blood group agglutinins: (1) natural human, 
immune human, immune rabbit anti-A; (2) anti-M, 
anti-N, anti-S; (3) anti-P; and (4) the Rh antibodies 
anti-C, anti-D, anti-E, and anti-c. Some inhibition 
of anti-H and anti-Le* agglutinins was observed, 
but assuming the inhibition to be due to a con- 
tamination of the preparations with these group 
substances and not to serological cross-reactivity, it 
can be calculated that not more than 1% of Hand 
Le* substances are present in the B preparation. 
Very slight inhibition of anti-Le® agglutinin by the 
B substance was observed, but the B’ substance 
preparation showed considerably more inhibition, 
equivalent to about 1% of that of the most active 
preparation of Le” substance available. 

Physical properties. The B and B’ substances 
were examined in a Hilger quartz spectrophoto- 
meter at a concentration of 0-1 % in 0-85 % saline 
using an optical path of lem. In the region 
examined (220-320my.) no bands of specific 
absorption were found. 

The viscosity of 0-5% solutions of the two pre- 
parations in 0-85% saline was determined in an 
Ostwald pattern viscometer at 37°. The viscosities 
relative to that of saline are, B substance, 4:1; 
B’ substance, 1-5. The specific rotations are, B 
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substance, [x] ?4,, 0 + 5°; B’ substance, [«] 2%, — 20 + 5° 
(c, 1-0 in water). 

Chemical properties. Solutions of the B and B’ 
substances (1% each) were treated with an equal 
volume of the following reagents: 10% trichloro- 
acetic acid, 2% phosphotungstic acid, 10 % tannic 
acid, 20 % sulphosalicylic acid, saturated picric acid. 
The B substance gave an opalescence with 10% 
tannic acid, otherwise no precipitates were formed. 
The following colour reactions were negative for 
both preparations: biuret, xanthoproteic, Millon, 
Hopkins-Cole, Bial and Seliwanoff. A positive 
reaction was obtained for both preparations in the 
Sakaguchi test. Alkaline copper solutions (biuret 
test) gave rise to a heavy curdy precipitate with 
both materials. The elementary analyses of the two 
preparations are as follows: B substance: C, 41; 
H, 6-6; N, 5-7% (Kjeldahl); B’ substance: C, 43; 
H, 7:0; N, 4.9% (Kjeldahl). Both materials are 
devoid of appreciable amounts of sulphur or phos- 
phorus. The methylpentose and acetyl contents of 
the two preparations are B, 17-9 and 7:0%; B’, 
20-0 and 7-1 %, respectively. 

By means of the liquid-vapour partition chromato- 
gram technique of James & Martin (1952), Dr E. F. 
Annison has kindly demonstrated that 96-97 % of 
the volatile acid obtained on acid hydrolysis of the 
blood group B substances is acetic acid. 

The B substances after heating in 0-05N-Na,CO, 
at 100° and the addition of an acid solution of 
p-dimethylaminobenzaldehyde, as described by 
Morgan & Elson (1934) for the estimation of N- 
acetylhexosamine, give rise to a reddish purple 
colour and thus behave as do the other blood-group 
mucoids. The absorption spectrum of the chromo- 
phore is identical with that given by N-acetyl- 
glucosamine under the same conditions (Aminoff, 
Morgan & Watkins, 1952) and so presumably the 
reaction is due to the presence of N-acetylhexos- 
amine, in a reactive condition, in the blood-group 
substances. The B substances, after heating for 
16 min. with the 0-05N alkali, give a colour equal to 
about 7% of that given by an equal weight of 
N-acetylglucosamine after heating for its optimum 
time of 4 min. Owing to the difference in time at 
which maximum colour is developed, however, 
a strictly quantitative significance cannot be 
attached to this value. The colour/time relationship 
of heating curves which are obtained under these 
conditions may be regarded as the result of two 
consecutive reactions, the first the condensation of 
the N-acetylhexosamine to yield a chromogenic 
structure followed by the breakdown of this structure 
to give non-chromogenic products. In the case of 
the blood-group mucoids these two reactions are 
presumably preceded by breakdown of the mucoid 
to yield additional N-acetylhexosamine residues 
which possess a free aldehyde group at C-1. If it is 
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assumed that the formation and destruction of 
chromogen are monomolecular reactions, and pro- 
ceed with the same rate constants for the N- 
acetylglucosamine and blood-group substance, it 
can be deduced that the total amount of N-acetyl- 
hexosamine in the blood-group B substances which 
can react under the conditions given by Morgan & 
Elson (1934) is probably of the order of 14-15%. 


Hydrolysis of the B substances with acid 


The B substances were hydrolysed in sealed glass am- 
poules at 100° with (a) 6N-HCl, (5) 0-5N-HCl, and (c) In 
acetic acid as described by Annison & Morgan (1952a) for 
the Le* substance. 

(a) Hydrolysis with 6N-HCl. Amino and «-amino acid 
nitrogen was determined on these hydrolysates, and the 
results are shown in Fig. 3. Amino groups are rapidly 
released from both B and B’ substances, a maximum value 
of 86 and 89% total N, respectively, being attained after 
about 4hr. «-Amino acids are released more slowly, a 
maximum, equivalent to 50 and 38 % total N for the B and 
B’ substances, respectively, being reached in about 16 hr. 

(b) Hydrolysis with 0-5N-HCl. Reducing sugars and hexos- 
amine were determined on these hydrolysates, since the 
simple sugars are rapidly destroyed in 6N-HCl at 100°. The 
results are shown in Fig. 4. Both analytical values reach 
a steady level in about 5 hr., and are equivalent to 50 and 
56% reducing sugars (as glucose), and 20 and 22% hexos- 
amine (as glucosamine base), for the B and B’ substances 
respectively. The 16 hr. 0-5N-HCl hydrolysis products of B 
substance have been analysed for glucosamine and galactos- 
amine by the method of Gardell (1953). The sample was 
introduced on the top of a well-washed column of Zeo-carb 
225 (Permutit Co. Ltd.), and eluted with 0-3N-HCl, 0-5 ml. 
fractions being collected and assayed for hexosamine. 
Glucosamine and galactosamine are quantitatively separ- 
ated under these conditions. The glucosamine/galactosamine 
ratio was found to be 1-7/1, the overall recovery of the 
mixed hexosamines being close to 100%. The determina- 
tions were kindly carried out by Mr C. J. M. Rondle. 


Time of hydrolysis (hr.) 





e 15 30 
% of total N 
Fig. 3. The rate of hydrolysis of B substance ( ) and B’ 
substance (———) in 6N-HCl at 100°: ©, amino nitrogen; 
x, «-amino acid nitrogen. 
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(c) Hydrolysis with x acetic acid. The following determi- 
nations were made on the hydrolysates. (i) Reducing sugars. 
There is a steady release of reducing substances amounting 
to about 20 and 25 % (as glucose) for the B and B’ substances, 
respectively, after 64 hr. (Fig. 5), but the maximum value is 
not reached after this time. (ii) N-Acetylhexosamine. The 
time of heating in 0-05 n-Na,CO, required to give maximum 
N-acetylhexosamine colour gradually decreases from about 
16 min. with the unhydrolysed B substance to 4 min. after 
16 hr. hydrolysis. There is also a considerable increase in the 
amount of colour found for the shorter heating times e.g., 
after heating for 4 min. with alkali the 32 hr. hydrolysate 
gives a colour equivalent to 12-5 % of that given by an equal 
weight of N-acetylglucosamine, whereas the unhydrolysed 
mucoid only gives about 5% of the colour after heating in 
alkali for this time. Periods of heating with alkali longer 
than 25 min., however, result in the colour given by the 
unhydrolysed material being greater than that given by 
hydrolysates. (iii) Acetaldehyde produced on oxidation 
with periodate. This could arise from free fucose and/or 
threonine, but free threonine is not found on chromatograms 
of mild acid hydrolysates of the B substances, whereas free 
fucose is readily demonstrable, and the acetaldehyde, 
therefore, presumably originates from fucose. It can be seen 
(Fig. 5) that the free fucose appears to reach a steady level 
after 32 hr. hydrolysis, which value (13% for B substance 
and 15% for B’ substance) is less than the total amount of 
fucose (18 or 20%) as determined by the method of Dische & 
Shettles (1948). It is probable that the B and B’ substances, 
like the A substance, but unlike the H and Le* substances, 
contain about a quarter of their fucose in a form stable to 
hydrolysis with 1 n acetic acid. (iv) Formaldehyde produced 
on oxidation with periodate. The determinations were 
carried out as described by O’Dea & Gibbons (1953). The 
amount of formaldehyde arising from blood-group mucoids 
on oxidation with periodate is a complex function of time of 
oxidation, due possibly to the breakdown of the poly- 
saccharide by a mechanism similar to that suggested by 
Neumiiller & Vasseur (1953). The amount of formaldehyde 
produced by the oxidation of 1 mg. of B substance, after 
hydrolysis in 1 N acetic acid, for four periods of oxidation, is 
shown in Table 8. (v) Serological examination; as given 
under Immunological properties above. 

Duplicate samples (35 mg.) of B and B’ substances were 
hydrolysed for 4 and 16 hr., respectively, in N acetic acid. 
The four sainples were dialysed, the diffusates stored at 0°, 
in the presence of CHCI,, until dialysis was complete, and 
then both diffusible and indiffusible fractions concentrated 
and freeze-dried. The indiffusible fractions were analysed 
quantitatively, and the results are given in Table 9. The 
diffusible fractions were hygroscopic and could not be 
satisfactorily dried; their chromatographic analysis is 
described below. The diffusates both give a positive V-acetyl- 
hexosamine reaction, with a maximum colour formation 
after 4 min. heating with alkali which probably indicates 
the presence of free N-acetylhexosamine. 


Chromatographic analysis of the acid hydrolysis 
products of B substances 


A detailed study of the sugar and amino acid components 
of the B substances was made using paper chromatographic 
techniques. The methods and solvents used are described in 
detail by Annison & Morgan (1952a). The B and B’ sub- 
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Fig. 4. The rate of hydrolysis of B substance ( ) and B’ 
substance (— ——) in 0-5n-HCl at 100°: ©, hexosamine (as 
glucosamine base); x, reducing sugars (as glucose). 
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Fig. 5. The rate of hydrolysis of B substance ( ) and B’ 
substance (-—-—) in N acetic acid at 100°: ©, free fucose 
determined as acetaldehyde after periodate oxidation; 

x, reducing sugars (as glucose). 


Table 8. Formaldehyde produced from 1 mg. of B 
substance after hydrolysis in N acetic acid and sub- 
sequent oxidation with periodate 


Time of periodate oxidation (hr.) 








c a _ ’ 

Time of 2 4 5 24 

hydrolysis Formaldehyde (yg.) 

(hr.) wooo A -- . 

0 13-2 15-6 16-5 26-3 

4 20-0 23-1 24°8 31-8 

10 19-8 - 23:0 24-8 32:9 

16 20-8 24-5 25-2 33-4 

64 38-5 40-2 41-7 52-0 


—$————L a 
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Table 9. Analysis of the indiffusible portions of the B and B’ substances 
after hydrolysis in nN acetic acid and dialysis 


Time of 
hydrolysis N 
Substance (hr.) (%) 
B 4 6-7 
16 6-3 
B’ 4 6-0 
16 6-4 


Methylpentose Hexosamine* Reducing sugars* 
(%) (%, as base)  (%, as glucose) 
9-6 22-6 48-5 
4-6 22-6 38-0 
12-6 28-4 63-1 
4-8 26-8 53-1 


* After further hydrolysis for 16 hr. in 0-5N-HCl. 


stances were found to be qualitatively identical with each 
other and with the A, H and Le® substances. 

Amino acids. Two-dimensional chromatograms of 6N- 
HCl hydrolysates showed the presence of lysine, arginine, 
aspartic acid, glutamic acid, glycine, serine, threonine, 
alanine, proline, valine, and leucine (and/or isoleucine). 
In addition, a weak slow-moving ninhydrin-reacting spot 
was usually found, corresponding in position to one de- 
scribed by Aminoff et al. (1950) who attributed it to traces of 
cysteic acid. 

Sugars and amino sugars. Galactose, fucose, glucosamine 
and galactosamine were identified in 0-5 N-HCl hydrolysates. 
In addition to the solvent systems already referred to some 
chromatograms were also run in mesityl oxide:30% formic 
acid (Bryant & Overell, 1951) for amino acids and ethyl 
acetate: pyridine: water (Jermyn & Isherwood, 1949) for 
sugars, and two-dimensional sugar chromatograms were run 
as described by Partridge (1948), but no additional sugar or 
amino acid components were detected. 

The portions of each of the B substances indiffusible after 
hydrolysis in N acetic acid and dialysis were also examined 
chromatographically. Hydrolysates of these materials in 
0-5N- and 6N-HCl gave sugar and amino acid chromato- 
grams qualitatively similar to those given by undegraded 
materials but the hydrolysates of the indiffusible materials 
contained considerably smaller amounts of fucose (ef. 
Table 9). The materials which were diffusible after 4 and 
16 hr. hydrolysis of each B substance with Nn acetic acid, 
when examined chromatographically without further 
hydrolysis with HCl showed the presence of fucose, galactose 
and an N-acetylhexosamine. Fucose was present in large 
amounts. In addition, a ninhydrin-reacting spot which 
moved very slowly, or not at all in phenol or collidine, and 
an unidentified substance which gave a yellow spot with 
hexosamine reagents (Partridge, 1948) and possessed an Rp 
value in collidine of about 0-23 (fucose Rp 0-44), were also 
found. The diffusible materials obtained from B and B’ 
after hydrolysis with Nn acetic acid were further hydrolysed 
in 0-5N-HCl for 16hr.; glucosamine, galactosamine, 
galactose, and fucose were detected. The yellow spot was no 
longer apparent. 


Isolation of constituent sugars 


The B substance (650 mg.) in 10 ml. of 0-5N-HCl was 
hydrolysed at 100° in a sealed ampoule for 20 hr. The hydro- 
lysate was introduced directly on to the top of a column 
(3-7 x 45 em.) of Zeo-carb 225 (250- to 400-mesh), and the 
mixture was eluted with 0-3N-HCl at a flow rate of about 
10 ml./hr. (Gardell, 1953), fractions of 10 ml. being re- 
covered by an automatic fraction collector. The galactose 
and fucose are not retained by the resin, and emerge 


together in the first fractions of the eluate. The glucosamine 
and galactosamine components are separated during their 
passage through the column, the former material appearing 
in the effluent after about 4 days, and the latter about 24 hr. 
later. 

D-Galactose and u-fucose. The first fractions of the eluate 
containing the mixed sugars were pooled and Cl” exchanged 
for CH,COO™ by passage through a small (1-5 x 25 cm.) 
column of Amberlite IR-4B (British Drug Houses Ltd.) in 
its acetate form. The solution was then concentrated in 
vacuo without risk of destruction of the sugars by strong acid. 

D-Galactose o-tolylhydrazone. To the concentrated solution 
(0-5 ml.) containing the galactose and fucose was added 
a solution of recrystallized o-tolylhydrazine (200 mg., 
Kahlbaum) in 96% ethanol (3 ml.). The mixture was re- 
fluxed for 30 min. on a boiling-water bath, left at -— 10° 
overnight, and the crystals which formed were filtered from 
the mother liquor, recrystallized 3 times from hot 96% 
ethanol and dried over P,0,. The pale yellow needles 
(87 mg.) melted at 174°. The mixed m.p. with an authentic 
sample of galactose o-tolylhydrazone (m.p. 174°) prepared 
according to van der Haar (1917) remained unchanged. The 
optical rotation of D-galactose o-tolylhydrazone is small, 
[a]2%51 being +3-+7° in pyridine (c, 1). To confirm the con- 
figuration of the galactose in the B substance therefore, the 
galactose o-tolylhydrazone isolated (67 mg.) was converted 
to the free sugar by heating with benzaldehyde (van der 
Haar, 1920). The concentrated solution was thoroughly 
extracted with ether and on standing at — 10° with 20 times 
its volume of glacial acetic acid: ether (1:1, v/v) gave 
p-galactose (19 mg.), [«]?2,, +84+5° in water (c, 1). 

L-Fucose diphenylhydrazone. The filtrate after separation 
of the crude galactose o-tolylhydrazone was treated with 
benzaldehyde (van der Haar, 1920) to decompose any 
o-tolylhydrazone present and remove excess of .o-tolyl- 
hydrazine, and the aqueous solution after extraction with 
ether was treated with freshly distilled 1:1-diphenyl- 
hydrazine (150 mg.) in 96 % ethanol (2 ml.) and ethanol was 
added until a clear solution was obtained. The solution was 
kept at 37° overnight, cooled to — 10°, and the crystals which 
separated were filtered from the mother liquor, dissolved 
in the minimum amount of hot 96 % ethanol and the soiution 
poured into a large volume of ether. The precipitate formed 
was filtered off, recrystalized 3 times from 96 % ethanol and 
dried over P,O,, giving 27 mg. of fine white needles. The fucose 
diphenylhydrazone had [«]?? — 14-+.5° in pyridine (c, 1) and 
m.p. 199°, unchanged by admixture with an authentic 
sample prepared as described by Muther & Tollens (1904). 

p-Glucosamine hydrochloride. The fractions issuing from 
the column which contained glucosamine were pooled, con- 
centrated to a small volume, treated with an excess of 
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acetone and kept at — 10° for 3 days. The crystals which 
formed were filtered off, washed with cold acetone and ether, 
and dried over P,O;. The pD-glucosamine hydrochloride 
(yield, 50 mg.) had [«]2%,, + 73+-5° in water (c, 1). (Found: 
N, 6-6; Cl, 17-2. Cale. for CgH,,0;NCI: N, 6-50; CI, 
16-5%.) Assayed for hexosamine by the method of Elson & 
Morgan (1933) and by the method of Smithies (1953), the 
specimen gave 99-100% of the colour intensity given by 
an authentic specimen of D-glucosamine hydrochloride. 
D-Galactosamine hydrochloride. The fractions issuing from 
the column which were known to contain galactosamine 
were treated in the same manner as those which contained 
glucosamine, yielding 19mg. of white microcrystalline 
powder. The D-galactosamine hydrochloride showed 
[o]22,, +92+5° in water (c, 1). (Found: N, 6-5; Cl’, 17-0. 
Cale. for CgH,,0;NCI: N, 6-5; Cl’, 16-5%.) A hexosamine 
determination on the material by the methods of Elson & 
Morgan (1933) and Smithies (1953) gave 98-7 and 25-0%, 
respectively, of the colour intensity of an equal weight of 
an authentic specimen of glucosamine hydrochloride. The 
method of Smithies (1953) involves acetylation of the 
hexosamine and subsequent measurement of the N-acetyl- 
hexosamine. N-Acetylgalactosamine, however, is known to 
give only 23% of the colour intensity given by an equal 
weight of N-acetylglucosamine under the conditions 
described by Morgan & Elson (1934) and Aminoff et al. 
(1952) and, therefore, the results may be considered as 
offering additional evidence for the identity of the hexos- 
amine as galactosamine. All m.p.’s quoted are uncorrected. 





DISCUSSION 


The isolation of substances possessing blood-group 
B activity from ovarian cyst fluids has enabled these 
materials to be characterized as apparently homo- 
geneous molecular species and compared with the 
A, H and Le* substances of similar purity already 
described. Two interesting and probably important 
observations can be recorded. First, it has been 
found possible to isolate from the secretion of a single 
individual two chemically and physically distinct 
mucoids, designated B and B’ substances, each of 
which possesses a characteristic reactivity with 
anti-B agglutinins of different origin. Kauertz 
(1938) reported that the saliva of certain group B 
secretors contains two serologically distinguishable 
B substances, but we believe that the difference 
between B and B’ substance is not related to the 
differences reported by him; nor to the differences 
between the partial receptors B,, B,, B, which were 
identified in the human B red cell antigen by 
Friedenreich & With (1933). The significance of our 
observation is not altogether clear, but there arise 
interesting possibilities which will be considered. 
Secondly, the B substance as isolated from two cyst 
fluids (nos. 115 and 192) has a particle weight of the 
order of 1-8 x 10°, whereas the weight of the other 
blood-group substances, already reported, are 
considerably less and fall within the range 2-6— 
3-1 x 105. 

The B substance has been isolated from a cyst 
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material which was gelatinous and soluble in water 
with difficulty. Material with these properties has 
in the past not been extensively investigated, and it 
is probable that active materials with a particle 
weight comparable with that of the B substance 
could also be isolated from suitable cyst fluids which 
possess A, H or Le®* specificity. The B’ substance, 
however, has been obtained from a fraction of cyst 
mucin corresponding to that from which the A, H 
and Le* substances were isolated and the final 
material obtained is physically very similar to them. 
The B substance is very viscous in aqueous solution, 
whereas the A, H and Le* substances so far de- 
scribed yield solutions of low viscosity except at 
very high concentrations. The B substance appears 
to be without action on polarized light, whilst the 
B’ substance possesses a rotation of about — 20°. 
Qualitative chemical examination reveals no 
difference between the B and B’ substances and the 
A, H and Le®* substances; all contain L-fucose, 
D-galactose, D-glucosamine and D-galactosamine, 
and the same 11 amino acids. Quantitatively, 
however, the B and B’ substances differ significantly 
from the A, H and Le* substances in that they con- 
tain only 20 and 22 % hexosamine, respectively, as 
against 33-37% for the other blood-group sub- 
stances. 

A number of preparations isolated from the cyst 
fluids of secretors belonging to group B have been 
obtained in this laboratory during the past 6 years. 
These preparations have not always single peaks on 
electrophoresis, but in every instance the hexos- 
amine content was found to lie between 20 and 
25%. Comparable materials from group A cyst 
fluids have been found to possess a hexosamine 
content greater than 33%, and it seems highly 
probable that the products of genes A and B found 
in ovarian cyst fluids differ considerably in their 
content of amino sugar. The results of a detailed 
study of the ratio of glucosamine to galactosamine 
in these materials will be given later. 

Baer, Kabat & Knaub (1950) report that the B 
substances isolated by them from autolysed horse 
stomachs are low in hexosamine, although the 
materials obtained from human group B saliva by 
these authors give hexosamine figures which fall 
within the same range (19-30%) as those given by 
materials obtained from the saliva of individuals of 
groups A and O. 

About the same amounts of reducing substances 
are liberated from all the blood-group substances on 
hydrolysis with 0-5N-HCl. The B substances must, 
therefore, contain correspondingly larger amounts 
of non-hexosamine reducing sugar, which can only 
be galactose since the fucose content is known and is 
about the same as that of the A substance. From the 
reducing value obtained on hydrolysis of the B 
substances, it can be calculated that about 30% 
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galactose is present, but an alternative method for 
the direct estimation of galactose in the presence of 
other sugars and amino acids is very desirable. The 
B substance also appears to contain somewhat 
more amino acid residues in its molecule (about 
30%) than do the other blood-group substances 
(about 22%). The B and B’ substances behave in 
a qualitatively similar manner to those of the other 
group materials on hydrolysis with Nn acetic acid; all 
yield fucose as free sugar. The B and B’ substances 
behave like the A substance in that only some three- 
quarters of the total fucose is split off under these 
conditions, whereas the preparations of H and Le* 
substances so far investigated appear to contain no 
acid-stable fucose. Preparations of H substance, 
however, containing more than 14% fucose have 
recently been obtained but no examination for the 
presence of acid-stable fucose has yet been made. In 
addition to fucose, small amounts of free galactose 
and N-acetylhexosamine are also detached from the 
B substances by N acetic acid at 100° but apart from 
fucose, the only identifiable free sugar liberated 
from A substance under these conditions is an N- 
acetylhexosamine. A ninhydrin-reacting substance 
which fails to give a positive reaction with Ehrlich 
reagents and which is diffusible through a cellophan 
membrane is also detectable in the N acetic acid 
hydrolysis products of the blood-group substances 
and the B and B’ substances likewise yield a similar 
material, but in view of the increase in nitrogen con- 
tent of the indiffusible portions of the mucoids after 
hydrolysis and dialysis it seems that mild acid hydro- 
lysis is associated almost exclusively with degrada- 
tion of the polysaccharide part of the molecule. 
The oxidation with periodate of the N acetic acid 
hydrolysis products of B substance indicates that 
for any given period of oxidation the amount of 
formaldehyde found rises rapidly during the first 
4 hr. of hydrolysis and then remains essentially un- 
changed for the following 12 hr., whereas the free- 
reducing groups and free fucose are liberated at 
a steady rate throughout the whole course of the 
hydrolysis. The formaldehyde produced by oxida- 
tion of the B substance with periodate could arise 
from hexoses having C-5 and C-6 unsubstituted, i.e. 
hexoses possessing a free reducing group or those 
glycosidically linked hexoses present in the furanose 
form. It could also arise from free serine, but it is 
known that the amino acid portion of the substance 
is relatively stable to hydrolysis in N acetic acid and 
the contribution of serine is likely to be small. The 
significance of the formaldehyde generated cannot 
be unequivocally interpreted at present, since the 
course of periodate oxidation of polysaccharides is 
not yet fully elucidated. The results of a study of the 
formation of formaldehyde on oxidation of blood- 
group substances and their degradation products 
with periodate will, however, be reported later. 
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The statement has been made in the past that 
the blood-group substances give an enhanced N- 
acetylhexosamine colour in the early stages of 
hydrolysis with N acetic acid (Aminoff et al. 1950; 
Annison & Morgan, 1952a, b). This conclusion was 
based on the development of the colour after 
heating the mucoids in 0-05N sodium carbonate for 
what was believed to be the optimum time, i.e. 
about 15 min. The time of heating in alkali necessary 
to develop the maximum amount of chromogen is, 
however, altered during hydrolysis with weak acid 
and the amount of colour developed after 4 min. 
heating in alkali under the standard conditions 
increases throughout the period of acid hydrolysis 
up to 48 hr. The amount of colour developed after 
15 min. heating in alkali increases during the early 
stages of acid hydrolysis and then decreases, whereas 
the colour intensity obtained after heating for 
30 min. with dilute alkali decreases throughout the 
period of hydrolysis with acid. It appears, there- 
fore, that mild acid hydrolysis renders the N- 
acetylhexosamine residues in the mucoid more sus- 
ceptible to the action of 0-05N sodium carbonate, 
but, as yet, it cannot be readily determined whether 
or not the total amount of reactive N-acetyl- 
hexosamine is increased. 

It is considered unlikely that the B’ substance is 
an artifact arising from the method of preparation 
since it has been found that the B substance is not 
demonstrably altered and changed into B’ substance 
under any of the conditions to which it has been 
subjected during isolation. It is, however, possible 
to degrade the B substance by heating at pH 7-7 so 
that it is modified and resembles the B’ substance in 
serological behaviour but not in chemical properties. 
It is possible that changes in the mucoid components 
of the mucin can be brought about after secretion by 
the tissue cells as a result of enzymic action or owing 
to the lability of the mucoid structure at body 
temperature and pH. 

All persons produce and secrete mucin, and these 
secretions are probably essential for the normal 
working of the body and for the life of the individual. 
The results of immunogenetical and chemical 
studies have established that the blood-group genes 
play an important part in directing the synthesis of 
many, if not all, of the neutral mucoid materials 
produced by the body, whether as water-soluble 
secretions or as surface components of tissue cells. 
It seems probable that the synthetic mechanism 
which normally produces certain fundamental 
mucoid materials, which are common to all persons 
irrespective of their ABO grouping, is modified 
under the influence of the individual blood-group 
genes. Thus, for example, in the presence of the 
blood-group A gene the individual mucoids of the 
mucin formed are in part given a composition and 
configuration which results in their possessing an 
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immunological behaviour recognized as group A 
character. If the B gene is also present in the geno- 
type some of the mucoid complexes produced 
possess group B serological character. Indeed, 
according to the genotype of the individual, the 
mucoids formed possess A, B, Le*, Le’ and H 
serological character and the erythrocytes show the 
same or closely similar immunological properties. 

This concept of the mode of action of genes is not 
new. In the field of the human blood groups 
Friedenreich, Thyssen & Hartmann (1939) pro- 
posed a similar scheme to account for the observed 
serological differences between the A character of 
different secretions and tissue cells. Wiener & 
Wexler (1952) likewise consider that the blood-group 
genes bring about a modification of mucopoly- 
saccharides which are common to all human beings. 

The modification brought about by genes A, B, 
Le* or Le’ is characteristic of the gene’s activity and 
results in the formation of materials which, although 
conforming to basic molecular patterns, neverthe- 
less are different chemically and, as a result, show 
a sharply specific and characteristic immunological 
behaviour. The specimens of B substance so far 
examined contain considerably less hexosamine and 
more galactose than specimens of A substance, and 
it is believed that the chemical changes induced in 
the mucoid materials under the influence of the 
blood-group genes are larger and more definite than 
was originally supposed. Nevertheless, it seems 
that these changes, important genetically and 
immunologically, are of little consequence from the 
point of view of the general physiological function 
of mucins and indeed there appears to be no 
practical difference in the survival rate of secretor or 
non-secretor persons belonging to the groups A, 
B or O. 

The result of a detailed examination of the 
mucoid materials produced by group B individuals 
indicates that there is also a variation in the 
properties of the B substances produced. The 
essentially homogeneous substances B and B’ 
isolated from cyst fluid no. 115 both show group 
B character and yet possess different physical, 
chemical and serological properties. Similarly, the 
B group materials isolated from persons belonging 
to A, B possess group B serological specificities which 
allow them to be differentiated from either B or B’ 
substances. 

Thus is appears probable that mucin derived 
from a person belonging to group A or B will not 
contain a single substance which possesses either A 
or B serological character, but a number of mucoids 
each of which have a right to the designation 
A substance or B substance as the case may be. 
Kabat, Baer & Knaub (1949) put forward similar 
ideas, but were not able to exclude the possibility 
that the differences in chemical composition they 
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found did not arise as a result of the method of 
isolation or were due to the inhomogeneous nature 
of the products studied. Both these possibilities for 
the differences recognized between B and B’ 
substances can be excluded, although it is not 
possible to be certain that B’ substance has not been 
derived from B substance by degradation in vivo or is 
a@ product of a partial or distorted synthesis, the 
result of an imperfect synthesizing mechanism. 

Evidence which will decide in favour of one or 
more of these hypotheses cannot readily be obtained, 
and probably the most useful immediate approach 
to the problem will be to undertake a detailed 
examination of a large number of highly purified and 
accurately characterized blood-group substances 
for some correlation between a particular chemical 
property and a serological specificity. 


SUMMARY 


1. Two purified mucoid substances, designated 
B and B’, which possess blood-group B character 
have been isolated from human ovarian cyst 
fluids. 

2. The B substance inhibits the agglutinating 
action of natural human f-agglutinin or immune 
anti-B agglutinin on group B red cells with about 
equal facility, whereas the B’ substance has a 
considerably smaller power to neutralize the p- 
agglutinin but a greater capacity to prevent haemag- 
glutination with immune B antibody. The B activity 
of mucoids isolated from two group A,B cyst fluids 
showed a negligible capacity to inhibit natural 
f-agglutinin but were nevertheless fully active when 
assayed against immune rabbit anti-B sera. 

3. The presence of L-fucose, D-galactose, D- 
glucosamine and pD-galactosamine in the B and B’ 
substances has been established. Eleven amino 
acids have also been tentatively identified in these 
substances. 

4. The acid hydrolysis products of B and B’ 
substances contain respectively, 17-9 and 20% 
fucose, 50 and 56 % reducing substances, expressed 
as glucose, and 20 and 22% hexosamine. The «- 
amino acid nitrogen is equivalent to 50 and 38% 
and the amino nitrogen to 86 and 89 % of the total 
nitrogen, respectively. 

5. Possible relationships between the B and B’ 
substances are considered and the possibility is 
discussed that there exist several products of the 
action of a single blood-group gene. 


The authors wish to express their thanks to Dr P. L. 
Mollison, Dr D. Parkin and Miss B. Dodd for specimens of 
immune human anti-B agglutinin. One of us (R.A.G.) is 
indebted to the Medical Research Council for a Studentship. 
The investigation was aided by a grant from the Nuffield 
Trust. 
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ADDENDUM 


Physico-chemical Examination of Human Blood-Group B Substances 


By E. A. CASPARY 
The Lister Institute of Preventive Medicine, London, S.W. 1 


(Received 30 October 1953) 


The blood-group B substances were examined in the 
electrophoresis apparatus and ultracentrifuge, in 
addition the diffusion constants and partial specific 
volumes were determined. 


METHODS 


Electrophoresis. The samples were examined in a Tiselius 
electrophoresis apparatus at 0°, using the diagonal schlieren 
optical system and monochromatic light, 4=546 mp. 
Solutions (1-5-2-0%, w/v) were made in suitable buffers and 
dialysed at 2° for at least 24 hr. The concentrations were 
chosen in order to facilitate the detection of traces of protein 
contaminants. 

Sedimentation. Ultracentrifugal examination was carried 
out in a Svedberg oil turbine machine at 60000 rev./min. 
(270000 g) using a diagonal schlieren optical system 
(Philpot, 1938). Solutions were made in phosphate buffer, 
pH 8, J =0-2, with added NaCl increasing the ionic strength 
to 0-35 to depress charge effects on sedimentation. 

Diffusion. The diffusion measurements were carried out 
by the Gouy interferometric method (Kegeles & Gosting, 
1947) in a modification of the apparatus of Gosting, Hanson, 


Kegeles & Morris (1949) at 25+0-01°. Increased sensitivity 
was obtained by using the blue line A= 436 my. isolated from 
a high-pressure mercury arc. Boundaries were formed by 
flowing through a capillary (Kahn & Polson, 1947). 

Partial specific volumes. These were determined pycno- 
metrically at 25°, the materials being dissolved in the buffer 
used for the sedimentation measurements. 


RESULTS 


The B’ substance showed only one component after 
prolonged electrophoresis in both phosphate buffer, 
pH 8, [=0-2, and acetate buffer, pH 4, J=0-2. 
At pH 8 the ascending boundary was symmetrical, 
the descending side gave a skewed appearance 
(Fig. 1). At pH 4 both boundaries were skewed and 
considerably spread. Migration was anodic in both 
cases, but slower at pH 4. 

The B substance gave a single sharp component at 
pH’s 4 and 8 under comparable conditions. Both 
boundaries showed a slight asymmetry, migration 
being anodic though again slower at pH 4. 
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In the ultracentrifuge at pH 8, [=0-35, B’ sub- 
stance showed a single, almost symmetrical, com- 
ponent, remaining relatively sharp even after 
60 min. at 60000 rev./min. (270 000g) in a 1% 
(w/v) solution. The sedimentation constants showed 
a linear concentration dependence over the range 
examined (0-5-1-0 %, w/v). 

The B substance under the same experimental 
conditions gave one very sharp major component, 
together with a very small amount of heavy material. 
The main component retained its sharpness even 
after 80 min. at 60000 rev./min. (270000 g) in 1% 


~ Gd 
Gi 





Ascending Descending 
(anode) (cathode) 
Fig. 1. Sedimentation diagrams and _ electrophoresis 


patterns of blood-group B substances. B substance, (a) 
sedimentation after 70 min. at 270000 g, 1-:0% (w/v) in 
phosphate: NaCl (pH 8, J=0-35). (b) Electrophoresis 
pattern after 53-5 ma-hr. of 15% (w/v) solution in 
phosphate, pH 8, J=0-2. (c) Electrophoresis pattern 
after 45 ma-hr. of 1-5% (w/v) solution in acetate, pH 4, 
I=0-1. B’ substance, (d) sedimentation after 40 min. at 
270 000 g, 1:0% (w/v) in phosphate: NaCl. (e) Electro- 
phoresis pattern after 46 ma-hr. of 2-0 % (w/v) solution at 
pH 8. (f) Electrophoresis pattern after 50 ma-hr. of 
2-0% (w/v) solution at pH 4. Lower arrows show direc- 
tion for all electrophoresis patterns. 
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Table 1. Sedimentation and diffusion constants of the blood-group B substances 
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(w/v) solution. The sedimentation constants showed 
a rapid increase with dilution over the range 
examined (1-0—0-25 %, w/v). 

Diffusion constants for both B substances were 
measured in phosphate: NaCl, pH 8, [=0-35, at 
25°. The difficulty of boundary sharpening using 
these extremely viscous solutions and the high loss 
in light transmission due to scatter necessitated the 
use of low concentrations of material, especially 
with B substance. Calculations were made from 
the outermost fringe in all cases, approximating to 
D, as defined by Gralen (1941). In both cases con- 
siderable deviation from the ideal form as defined 
by the probability integral, was indicated. 

The partial specific volumes found were 0-604 for 
B’ and 0-600 for B substance. 

Molecular weights were calculated from the 
formula of Svedberg (Svedberg & Pedersen, 1940) 
by combining sedimentation and diffusion constant 
values. The value used for the sedimentation con- 
stant was obtained by extrapolation to a concen- 
tration corresponding to that at which the diffusion 
had been determined. Using the appropriate values 
for the partial specific volumes the molecular weights 
found were 460000 for B’ and 1800000 for B sub- 
stance, the corresponding frictional ratios f/f, were 
3-9 and 5-7, respectively. 


DISCUSSION 


The data show that electrophoretically both B 
substances are single components, that is, the 
nitrogen of these substances is electrophoretically 
inseparable from the carbohydrate and not attri- 
butable to protein contaminants. The broad 
boundaries obtained with B’ indicate some poly- 
dispersity, this effect being masked in the case of B 
substance by its extremely high viscosity and low 
diffusion coefficient. 

From the appearance of the ultracentrifugal 
boundary B’ substance appears homogeneous. The 
B substance shows a small, probably polydisperse, 
heavy component. Sedimentation constants refer 
to the movement of the mode of the main sedi- 
menting boundary in each case. Both materials 
show non-ideal diffusion, these deviations can be 





Values corrected to water at 20° (Svedberg & Pedersen, 1940). 
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attributed to three causes, namely, non-ideal 
boundary formation, concentration dependence of 
the diffusion constant and polydispersity, all 
factors being operative in this case. In the case of 
B substance it was found experimentally impossible 
to calculate the coefficient for the main component 
only, the diffusion constant determined represents 
an average as defined by Quensel (1942). The 
calculated molecular weight of B substance stands 
therefore only as an approximation. Both B sub- 
stances are of greater molecular size and asymmetry 
than the other blood-group substances (Kekwick, 
1950, 1952a, b), but very similar from the stand- 
point of comparative homogeneity. The B sub- 
stances both show considerable asymmetry with 
axial ratios of 200 and 100, respectively, or alter- 
natively may be highly hydrated. 


SUMMARY 


1. The B substances have been shown to give 
single peaks in an electrophoresis apparatus at 
pH’s 8 and 4. 
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2. The molecular weight calculated from sedi- 
mentation and diffusion data is 460000 for B’ and 
approximately 1800000 for B substance, with 
frictional ratios 3-9 and 5-7, respectively. 

3. The B substances are both somewhat poly- 
disperse and probably highly asymmetrical in shape. 


I wish to acknowledge the technical assistance of Mr H. 
Murray. 


REFERENCES 


Gosting, L. J., Hanson, E. M., Kegeles, G. & Morris, M. S. 
(1949). Rev. Sci. Instrum. 20, 209. 

Gralen, N. (1941). Kolloid Z. 95, 188. 

Kahn, D.S. & Polson, A. (1947). J. phys. Chem. 51, 816. 

Kegeles, G. & Gosting, L. J. (1947). J. Amer. chem. Soc. 69, 
2516. 

Kekwick, R. A. (1950). Biochem. J. 46, 438. 

Kekwick, R. A. (1952a). Biochem. J. 50, 471. 

Kekwick, R. A. (19526). Biochem. J. 52, 259. 

Philpot, J. St L. (1938). Nature, Lond., 141, 283. 

Quensel, O. (1942). Dissertation, Uppsala. Almquist & 
Wiksells Boktryakeri-A.-B. 

Svedberg, T. & Pedersen, K. O. (1940). The Ultracentrifuge, 
Oxford University Press. 


The Branched-chain Fatty Acids of Butterfat 


4. THE ISOLATION OF (+)-12-METHYLTETRADECANOIC ACID 
AND OF 13-METHYLTETRADECANOIC ACID 


By R. P. HANSEN, F. B. SHORLAND anp N. JUNE COOKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 30 November 1953) 


Branched-chain fatty acids have been shown to be 
present in trace quantities in butterfat (Hansen & 
Shorland, 195la,b, 1953; Hansen, Shorland & 
Cooke, 1951), in ox fat (Hansen, Shorland & Cooke, 
1952a), in mutton fat (Hansen, Shorland & Cooke, 
19526, 1953), and in shark liver oil (Morice & Shor- 
land, 1953). Two isomeric C,, branched-chain acids, 
namely (+ )-12-methyltetradecanoic acid and 13- 
methyltetradecanoic acid, which were reported as 
occurring in mutton fat (Hansen et al. 1953), have 
now been isolated from butterfat. 


EXPERIMENTAL 


The butterfat used in this investigation was prepared by 
washing and centrifuging fresh butter supplied by the 
Rangitaiki Plains Dairy Co. Ltd., Whakatane, New 
Zealand. The butter had been churned in the first week of 
May 1951, from a bulked sample of cream representative of 
numerous dairy herds in the district. 


Butterfat glycerides (sample G/43: 17-85 kg.; sap. equiv. 
250-0; iodine value 40-1) were hydrogenated at 180° and at 
atmospheric pressure using Ni supported on kieselguhr as 
catalyst. The resulting glycerides (iodine value 1-1) were 
saponified in the cold with KOH and the soaps converted 
into fatty acids with H,SO,. Steam distillation removed 
part of the steam-volatile acids, after which the remaining 
mixed acids were washed with water and then repeatedly 
crystallized from 10 vol. acetone at —33°. The resulting 
‘liquid’ acids were converted into methyl esters (1876 g.; 
sap. equiv. 223-8; iodine value 4-7) and were fractionated in 
vacuo in a 490 x 3-8 cm. stainless steel column packed with 
3-4 mm. diameter single-turn glass helices. 

Of the fractions distilled over, the 32nd (KL32; 48-00 g.; 
sap. equiv. 275-6; iodine value 7-9) was selected for the in- 
vestigation reported in this paper. When freed of unsaponi- 
fiable matter this methyl ester fraction had sap. equiv. 
250-4; iodine value 0-9; m.p. —4-1 to —2-0°. Fractional 
distillation of KL32 was then repeated at 0-05 mm. in a 
50 x 1-8 cm. column fitted with a closely coiled spring as 
packing (column £, Shorland, 1952). Results of fraction- 
ation are shown in Table 1. 
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Table 1. Fractional distillation of KL32 methyl esters (38-48 g.) 


Wt. Sap. 
Fraction (g.-) equiv. 
KL32L1 1-48 240-5 
KL32L2 3-32 244-0 
KL32L3 1-38 244-2 
KL32L4 2-66 244-5 
KL32L5 2-77 247-1 
KL32L6 3°15 250-1 
KL32L7 4-80 254-0 
KL32L8 2-55 253-5 
KL32L9 3°75 256-0 
KL32L10 2-44 256-1 
KL32L11 3-95 254-7 
KL32L12 1-40 255-1 
KL32LR 4:53 256-9 


Table 2. Fractional distillation of K8 methyl esters 


(16-93 g.) 
Iodine 
Wt. Sap. value M.p. 

Fraction (g-) equiv. (Wijs) (°) 
K8Ll1 1-45 252-0 0-6 2-5 
K8L2 2-77 255-4 0-4 -8-0 
K8L3 2-05 256-4 0-3 — 10-8 
K8L4 2-91 256-6 0-3 - 115 Kl4 
K8L5 2-12 256-8 0-2 - 11:3 
K8L6 2-50 256-0 0-3 —11-2 
K8L7 0-80 254-9 0-6 - 10-8 
K8LR* 0-48 274-0 11-5 -- 


* KS8LR when freed of unsaponifiable matter gave sap. 
equiv. 250-0 (acids). 


Fractions KL32L7 to KL32L12 (Table 1) were bulked 
(K8) and refractionated as methyl esters (wt. 16-93 g.; 
vac. 0-05 mm.) in column EF (Shorland, 1952). See Table 2. 

Fractions K8L2 to K8L7 were combined (K14), converted 
into fatty acids (10-51 g.; m.p. 33-2°) and submitted to 
repeated low-temperature crystallization from light 
petroleum (b.p. 50-60°) and finally from methanol (Table 3) 
to yield the purified fraction K14S17LS38S with the following 
properties. Acid (1-80 g.) m.p. 52-0°; sap. equiv. 242-2 
(cale. for C,;H 4902, 242-4); found: C, 74-4; H, 12-5% (cale. 
for C,;H390.: C, 74:4; H, 12-5%); iodine value (Wijs) 0-5; 
C-methyl, 10-7% (equiv. to 1-72 mol. acetic acid); X-ray 
long spacing, 30-14; optical rotation, nil; refractive index, 
n®2 1-4312. Methyl ester, m.p. 9-4°; nZ) 1-4384. A mixed 
m.p. made with equal weights of this acid and synthetic 
13-methyltetradecanoic acid supplied by the courtesy of 
Prof. E. Stenhagen (Arosenius, Stallberg, Stenhagen & 
Tagtstrém-Eketorp, 1949) gave m.p. 51-9°. Similarly, 
fraction K14S17LS3S and the C,, iso acid H29S2L2S 
isolated from mutton fat (Hansen et al. 1953) gave no 
depression in melting point when mixed in equal propor- 
tions. 

As is illustrated in Table 3, crystallization from 40 vol. 
light petroleum at - 40° was the basis of separation of iso 
from ante-iso acids. 

Fractions K14L to K14S9L (see Table 3) were bulked 
(K20) and after repeated low-temperature crystallization 
had failed to effect satisfactory separation, were applied to 
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Iodine value M.p. 
(Wijs) (° 

1-0 16-9 to 17-3 
0-9 13-0 to 14-0 
0-8 12-5 to 13-2 
0-8 12-8 to 13-8 
0-2 11-0 to 12-0 
Nil -0-5to +18 
Nil -80to -7:-0 
Nil -10-5to -9-0 
Nil -108to -98\ F¢ 
Nil -11-0 to - 10-0 
Nil -11-0 to - 10-0 
0-9 -12-8 to - 12-0 
4-0 2-0 to 2-5 


a column (2-6 cm. diameter) packed with 133 g. of activated 
Al,O; and eluted with light petroleum (b.p. 50-60°) and 
finally with ether. 

Of the fifteen resulting fractions, K20c to K20k had 
similar melting points (range —14-0 to —13-4°) and re- 
fractive indices (range 1-4398 to 1-4401). Accordingly they 
were combined (K21; 6-33 g.; sap. equiv. 257-3, methyl 
esters); and hydrolysed, and the acids (5-85 g., m.p. 23-0°) 
submitted to low-temperature crystallization as shown in 
Table 4, to yield a purified fraction K21S10LS4S. 

The properties of fraction K21S10LS4S were as follows: 
Acid (3-96 g.) m.p. 23-7°; sap. equiv. 242-2 (calc. for 
Ci5H3o0,, 242-4); found: C, 74:3; H, 125% (calc. for 
CisHg90,.: C, 74-4; H, 12-5%); iodine value (Wijs) 0-0; 
C-methyl, 10-1% (equiv. to 1-65 mol. acetic acid) X-ray 
long spacing, 30-1 A; [«]}®° + 4-8° in CHCl, (c, 20-5; 0-5 dm. 
tube); refractive index, n° 1-4327. Methyl ester, m.p. 
— 12-3°; n?? 1-4398. 

The two acids reported in this paper were derived from 
the original ‘liquid’ methy] ester fraction KL32. Investiga- 
tion of the succeeding fraction (KL33) by low-temperature 
crystallization (but not by further high-vacuum distillation) 
yielded an acid (K13) whose properties were similar to but 
not identical with those of the C,, ante-iso acid K21S10LS4S. 
The properties of fraction K13 are as follows: 3-34 g.; sap. 
equiv. 243-8; m.p. 27-6°; iodine value 0-0; [a]}§> +3-9°; 
X-ray long spacing 30-1 A. When mixed in equal proportions 
with the C,, ante-iso acid from mutton fat (H52S4LS, m.p. 
25-5°) it gave m.p. 27-:3°. In an attempt at further purifica- 
tion, K13 was repeatedly crystallized at low temperatures, 
submitted to chromatographic separation on activated 
Al,O;, and those fractions with corresponding properties 
were combined (K26) and crystallized a total of 39 times, 
firstly as acids and then as ethyl esters. The final product 
K30LS16S had m.p. 27-8-29-0°, and when mixed in equal 
quantity with K21S10LS4S (m.p. 23-7°) gave m.p. 26-0- 
27:0°. 

The X-ray long crystal spacings reported in this work 
were made with a Philips Geiger X-ray spectrometer using 
nickel-filtered copper Ka radiation. Samples were melted 
on a glass slide and cooled. 

All melting points were determined in closed capillaries 
and are uncorrected. 

Combustion analyses and C-methyl determinations were 
made by Weiler and Strauss, Oxford. 
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DISCUSSION 


The saponification equivalents, carbon and hydro- 
gen contents and the iodine values of the two frac- 
tions isolated (K14S17LS3S and K21S10LS4S) are 
in close agreement with the calculated requirements 
for a C,, saturated fatty acid. 

The X-ray long spacing of each of the two acids 
(30-14) corresponds within experimental error 
(+0-5A) with the value of 29-84 reported by 
Arosenius et al. (1949) for 13-methyltetradecanoic 
acid, and contrasts with the value of 35-754 for 
pentadecanoic acid (Slagle & Ott, 1933). (The sample 
of pure synthetic 13-methyltetradecanoic acid 
(Arosenius et al. 1949), when analysed here under 
the same conditions as fractions K14S17LS3S and 
K21S10LS4S gave a value of 29-94.) No X-ray 
long spacing appears in the literature for (+)-12- 
methyltetradecanoic acid, although values for the 
amide of the dextro form (Velick, 1947) and the 
racemic form (Nunn, 1951) of this acid have been 
reported as 29-2 and 28-04, respectively. 

Chromic acid oxidation of fractions K14817LS38 
and K21S10LS4S by the Kuhn-Roth (1933) method 
yielded acetic acid in amounts which represented 
10-7 and 10-1 %, respectively, of C-methyl. These 
data, when interpreted in accordance with the work 
of Ginger (1944), point to the presence of one side- 
chain alkyl group in each fraction. 

The position of branching in the two fractions 
is established mainly by melting-point evidence. 
Fraction K21S10LS48 with melting point 23-7° 
corresponds to the C,; ante-iso acid (branching on 
the antepenultimate carbon, COOH=1) with 
melting point 23-0° isolated from wool grease by 
Weitkamp (1945) and identified as 12-methyltetra- 
decanoic acid. Consistent with this location of the 
methyl group in K21S10LS4S is its optical activity 
[a]i®> +44-8° in chloroform (20-6% solution). 
Weitkamp (1945) found [x]? + 4-7° (pure substance) 
for the C,; ante-iso acid extracted from wool 
grease. 

The molecular rotation of the C,, ante-iso acid 
separated in this work is [M], + 11-6°, and as indi- 
cated by Crombie & Harper (1950) and subsequently 
by Klyne (1953) for other ante-iso acids, it is almost 
certainly an ‘L-methyl’ substituted acid with the 
methyl group on the left-hand side of the chain in 
a Fischer projection. 

The melting point of K14S17LS3S (52-0°) agrees 
closely with the melting point of 51-7—51-8°reported 
by Arosenius et al. (1949) for the C,,; zso acid 13- 
methyltetradecanoic acid (and the mixed m.p. of 
these two acids showed no depression), and at the 
same time conforms with the observation of Cason 
& Winans (1950) and of Weitkamp (1945) that iso 
acids melt less than one degree below the melting 
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point of their corresponding normal acids; penta- 
decanoic acid has been reported as having melting 
point 52:4° (Weitkamp, 1945) 52-26° (Meyer & 
Reid, 1933) and 52-1° (Francis, Piper & Malkin, 
1930). K14S17LS3S did not rotate the plane of 
polarization. 

The evidence presented thus establishes fractions 
K21S10LS4S and K14S17LS3S as (+ )-12-methyl- 
tetradecanoic acid and 13-methyltetradecanoic acid, 
respectively. 

In both butterfat and mutton fat the C,, iso and 
ante-iso acids have been found to be closely associ- 
ated with myristic acid in the fraction soluble in 
acetone at temperatures about — 30°. Furthermore, 
fractions rich in esters of the C,; iso and ante-iso 
acids distilled over together immediately after the 
esters of myristic acid. 

The amounts of the two C,,; branched-chain fatty 
acids detected in this investigation together con- 
stitute about 0-1 % of the total fatty acids present 
(iso acid 0-03, ante-iso acid 0-07 %). 

Weitkamp (1945) in his investigations on the 
saponifiable fraction of wool grease identified ten 
so acids ranging from isocapric (C,9) to <somontanic 
(C,,), and all of these contained an even number of 
carbon atoms. Despite this searching examination, 
iso acids with an odd number of carbons were not 
reported. The present authors in their earlier work on 
the branched-chain fatty acids of butterfat (Hansen 
& Shorland, 1951a) isolated two C,, acids, one of 
which was also found in ox fat (Hansen et al.1952a) 
and was identified as the ante-iso acid while the other 
had properties consistent with its being the zso acid. 
The isolation of the C,; ¢so acid from butterfat as 
reported in this paper thus extends the occurrence 
of odd-numbered ‘so acids in animal fats, and at the 
same time suggests that the C,, iso acid found in 
mutton fat (but not found in wool wax), is a natural 
component of the fat and is not of adventitious 
origin. 

Although the two acids reported in this paper were 
saturated when isolated, the present investigation 
does not establish whether they exist in nature in 
that condition, or whether they were formed by 
hydrogenation of unsaturated constituents during 
the analysis procedure. However, the results of 
recent experiments on the tubercle bacillus (Cason, 
Sumrell, Allen, Gillies & Elberg, 1953) suggest that 
the branched-chain saturated fatty acid, tuberculo- 
stearic acid, does not result from the hydrogenation 
of an unsaturated acid or of an acid containing a 
cyclopropane ring. Furthermore, evidence that 
saturated branched-chain fatty acids do occur in 
butterfat is shown by the isolation of a multi- 
branched C,, saturated acid both by methods which 
included hydrogenation (Hansen & Shorland, 
19516) and by methods which did not have recourse 
to hydrogenation (Hansen & Shorland, 1953). 
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SUMMARY 


Two branched-chain fatty acids, (+ )-12-methyl- 
tetradecanoic acid and 13-methyltetradecanoic, 
formerly isolated from mutton fat, have been shown 
to be present in butterfat. 


We thank Professor E. Stenhagen of Uppsala University, 
Sweden, for a synthetic sample of pure 13-methyltetrade- 
canoic acid, and Mr M. Fieldes of the Soil Bureau, Depart- 
ment of Scientific and Industrial Research, Wellington, 
New Zealand, for the X-ray measurements. 
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Rapid Determination of Salicylate in Biological Fluids 


By P. TRINDER 
Biochemistry Department, Royal Infirmary, Sunderland, Co. Durham 
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The purple colour given by salicylate ion with ferric 
salts in weakly acid solution and the blue colour 
given with the Folin-Ciocalteu reagent in strongly 
alkaline solution have been most used for the 
determination of salicylates in serum. Of recent 
methods employing ferric salts, that of Tarnoky 
& Brews (1950) is the most convenient. The dis- 
advantages of the method are that the determination 
occupies 45 min., requires the use of a mechanical 
shaker and gives a recovery of salicylate added to 
serum, of only 91-96 %. Moreover oxalated plasma, 
whole blood or urine cannot be used, and the final 
coloured solution is not always optically clear. The 
method of Smith & Talbot (1950), using the Folin- 
Ciocalteu reagent, has certain advantages. Only 
0-2 ml. of sample is required, the determination 
occupies only 15 min., and either serum or oxalated 
plasma may be used. However, objections to this 
method are that ‘blank’ values on the serum of 
patients not taking salicylates are high and variable 
(the average blank being equivalent to 7-5 mg. of 
salicylate ion/100 ml. of serum, with a range of 
4-5-9-5 mg./100 ml.) and that blank values for 
whole blood and for urine, are very high (about 
25 mg./100 ml. for whole blood and 100 mg./100 ml. 
for urine). The blank values on serum by the method 


of Tarnoky & Brews (1950), are stated by the 
authors to be negligible. 

A method which would combine some of the 
advantages of both methods and which would also 
be applicable to the analysis of whole blood and 
urine, would be most useful. The experiments 
described below were conducted with the object of 
devising such a method. 


METHOD 


It was decided to utilize the purple colour given by sali- 
cylates with ferric salts. To eliminate any inhibition of this 
colour by phosphates or oxalates, a reagent was prepared 
containing a high concentration of ferric nitrate. In order to 
precipitate the protein in the serum, mercuric chloride and 
hydrochloric acid were incorporated into the solution. A 
solution containing 4 g. of ferric nitrate, Fe(NO,);, 9H,O, 
4 g. of mercuric chloride and 12 ml. of N-HC1/100 ml., was 
found to precipitate the serum protein and give a purple 
colour with serum salicylate. The intensity of the purple 
colour became weaker if more hydrochloric acid was used in 
the reagent. If the final strength of the acid was much less 
than 0-12.N, the colour given by serum salicylate was not the 
same tint as that given by aqueous solutions of salicylate. 
The effect of the concentration of hydrochloric acid on the 
colour is shown in Table 1. 
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Table 1. Effect of hydrochloric acid concentration on the optical density 
of the ferric nitrate: salicylic acid colour 


1 mi. of solution containing 0-4 mg. of salicylic acid, plus 5 ml. of colour reagent. 
Filter Ilford 624. Cells 10 mm. 


0-04 0-08 0-12 


Final strength of HCl (x) 
0-75 0-715 0-66 


Optical density 


Table 2. Blank values on biological fluids 


No. of 
specimens 
analysed Type of fluid 


35 Serum 0-9 


Salicylic acid found (mg./100 ml.) 





Mean 
0-51 
(s.D.+0-17) 
10 Plasma . 0-6 0-8 
10 Whole blood : 1-2 
10 C.s.f. 5 0:3 
10 Urine . 1-1 


Minimum 
0-15 


= 
Maximum 


Table 3. Recovery of salicylic acid added to biological fluids 


Recovery 


(%) 


Salicylic acid found 

Salicylic (mg./100 ml.) h 

acid added - A— - 
(mg./100 ml.) Serum Whole blood Urine Serum Whole blood 

0 0-75 1-8 1-1 _— — 

10 10-8 10-9 100-5 98 

20 20-5 20-5 99 97 

30 30-8 30-2 100 _— 97 

40 40-3 41-1 99 ef 100 

50 50-5 — 99-5 — 


re 
Urine 


Reagents 


Colour reagent. With the aid of heat, 40 g. of A.R. mercuric 
chloride are dissolved in 850 ml. of water. The solution is 
cooled and 120 ml. of N-HCl and 40g. of ferric nitrate, 
Fe(NO,);, 9H,O, are added. When all the ferric nitrate has 
dissolved, the volume of the solution is made to 1 1. with 
water. This solution is stable indefinitely. 

Stock salicylate solution. 580 mg. of sodium salicylate, 
C,H,0,Na, are dissolved in sufficient water to make 250 ml. 
of solution. A few drops of CHCl, are added as a preser- 
vative. This solution contains 200 mg. of salicylic acid/ 
100 ml. 

Standard salicylate solution. 20 ml. of the stock solution 
are added to sufficient water to make 100 ml. of solution. 
A few drops of CHCl, are added as a preservative. This 
solution contains 40 mg. of salicylic acid/100 ml. Both 
stock and standard solutions keep for at least 6 months if 
stored in a refrigerator. 


Procedure 


For cerebrospinal fluid (c.s.f.) plasma or whole blood. 
Wintrobe’s anticoagulant (Wintrobe & Landsberg, 1935; 
cf. also in this paper p. 303) is used for plasma and whole 
blood. 1 ml. of fluid is placed in a cylindrical centrifuge 
tube and 5 ml. of colour reagent are added; the tube is 
shaken during the addition. The contents of the tube are 
shaken for a few seconds to ensure that the protein pre- 
cipitate is finely dispersed. The tube is centrifuged at 
2000 g for 2 min. and the supernatant fluid, which should be 
optically clear, is transferred to a test tube. A photoelectric 
colorimeter is set at full-scale deflexion (optical density, 0) 


with a blank prepared by mixing 1 ml. of water with 5 ml. of 
colour reagent. The optical density of the coloured unknown 
is read, using 10 mm. cells and the Ilford 624 green filter. If 
this filter is not available, the Ilford green 404 or Chance 
OG 1 filters are suitable. If a spectrophotometer is used the 
wavelength should be set at 540 mu. The optical density of 
the purple colour is constant for at least 60 min. The 
salicylate content of the sample is read from a graph pre- 
pared by treating 1 ml. quantities of sodium salicylate 
solutions containing the equivalent of 0-1, 0-2, 0-3, 0-4 and 
0-5 mg. of salicylic acid, with 5 ml. of colour reagent and 
plotting the optical densities of the resultant coloured 
solutions. The quantities shown above correspond to blood 
salicylic acid levels of 10-50 mg./100 ml. and the colours 
obey Beer’s law over this range. By this method the optical 
densities obtained on analysing solutions containing the 
equivalent of 12-40mg. of salicylic acid/100 ml., lie 
between 0-2 and 0-7, the range in which the relative error is 
least (Archibald, 1950). If the optical density of the un- 
known is greater than 0-7 the analysis is repeated, using a 
smaller sample diluted to 1 ml. with water. 

For urine. The urine is diluted with water so that it 
contains between 10 and 40 mg. of salicylic acid/100 ml. The 
diluted urine is analysed as for serum. After obtaining the 
optical density of the unknown, a blank reading is obtained 
by setting the instrument with water and reading the 
optical density of a solution prepared by mixing 1 ml. of 
diluted urine with 5 ml. of colour reagent and 0-1 ml. of 
syrupy phosphoric acid (sp.gr. 1-75), using the same cells and 
filter as before. Urine solutions often do not require centri- 
fuging; if centrifuging is necessary both unknown and urine 
blank are centrifuged. 
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Urine salicylic acid mg./100 ml.=(mg. salicylic acid/ 
100 ml. in diluted unknown - mg. salicylic acid/100 ml. in 
diluted urine blank) x dilution factor. 


RESULTS 


Successive c.s.f., plasma, whole blood, serum and 
urine samples, obtained from patients who were not 
taking salicylates, were analysed by the proposed 
method. The results in Table 2 show that the ‘blank’ 
values (in mg. salicylic acid/100 ml.), were less than 
1-1 for serum, c.s.f., and plasma; less than 2-0 for 
whole blood and less than 4-5 for urine. Recovery 
experiments were performed by analysing pooled 
serum, whole blood and urine, to which known 
amounts of sodium salicylate had been added. The 
results given in Table 3 indicate that the recoveries 
were almost quantitative. The recovery figures 
were not affected by the addition of 100 mg. of 
phosphate ion, 20mg. of bilirubin, 25mg. of 
phenol, 10000 i.u. of heparin, 1000 mg. of glucose or 
1000 mg. of urea, per 100 ml. of serum. The addition 
of 250 mg. of Wintrobe’s anticoagulant (150 mg. of 
ammonium oxalate, (COONH,),, H,O, plus 100 mg. 
potassium oxalate, (COOK),, H,0/100 ml. of 
serum) increased the results by 0-3 mg. of salicylic 
acid/100 ml. The addition of 50mg. of ethyl 
acetoacetate/100 ml. of serum, increased the results 
by 1 mg. of salicylic acid/100 ml. The effect of other 
keto acids on the recovery figures was not studied. 


DISCUSSION 


Although a rapid method is worth developing in the 
interests of economy, the aim should not be to 
sacrifice accuracy for speed. In the present method 
a single determination occupies only 5 min., but the 
method is at least as accurate as other methods. The 
recovery figures are good and the blank values are 
low even for whole blood, which cannot be analysed 
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by other methods. If an instrument, such as the 
Spekker Absorptiometer, is available, which can 
give readings with small volumes of fluid, the 
method can be used on samples of blood obtained by 
finger prick, using 0-2 ml. of blood and 1 ml. of 
colour reagent. This modification would be especi- 
ally useful for the determination of salicylate in the 
blood of children. The results obtained using urine 
are not so reliable as those obtained using serum, 
owing to the somewhat high blank values for 
normal urine. In practice the concentration of 
salicylate in urine, even after small doses of sali- 
cylates, is so high (100 mg. or more of salicylic 
acid/100 ml. of urine) that the relative error is small. 


SUMMARY 


1. A rapid method for the determination of 
salicylate in biological fluids is presented, based on 
a reagent containing ferric nitrate, mercuric chloride 
and hydrochloric acid, which precipitates the pro- 
teins and simultaneously reacts with salicylic acid 
to give a purple colour. 

2. The recovery of sodium salicylate added to 
biological fluids is quantitative. 

3. The blank values on normal serum and plasma 
samples are less than 1-1 mg. of salicylic acid/100 ml. 

4. The effect of some possible interfering sub- 
stances is considered. 

5. A single determination occupies 5 min. 
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The Inhibition of Trypsin and Chymotrypsin 
by Certain Organic Phosphorus Esters 


By B. A. KILBY anp G. YOUATT 
Department of Biochemistry, 9 Hyde Terrace, Leeds 2 


(Received 13 January 1954) 


Certain organophosphorus compounds have re- 
cently acquired a rapidly increasing importance as 
insecticides, and as they also show high mammalian 
toxicity, it appears desirable to have as much 
information as possible about their mode of action. 
A full knowledge of this will involve not only a 
knowledge of which essential enzyme systems are 
inhibited in living organisms, but also an under- 


standing of the chemical process of inhibition. A 
very powerful anticholinesterase activity is one of 
the characteristic properties of the phosphorus 
compounds in this group, but other enzymes, such 
as human milk and liver esterase, citrus acetyl- 
esterase, chymotrypsin and trypsin are also in- 
hibited. It is now generally agreed that the toxicity 
towards vertebrates is closely associated with the 
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inhibition of cholinesterases in vivo, but the situa- 
tion in insects is less certain owing to lack of infor- 
mation about the relative importance of cholin- 
esterases and other esterases in the insect economy. 
As the organophosphorus compounds appear to be 
specific inhibitors of enzymes showing carboxylic 
esterase activity, it is possible that there is a 
common chemical basis to the inhibition process, 
and this is the aspect of the mode of action which 
has been our particular interest. A choice of both 
enzyme and inhibitor is available, and chymo- 
trypsin and diethyl p-nitrophenyl phosphate 
(E. 600) were selected for study first (Hartley & 
Kilby, 1952) because chymotrypsin was available in 
crystalline form and had a known and conveniently 
small molecular weight, and the inhibitor was 
active, readily purified and of unambiguous 
structure. The results were consistent with the 
hypothesis that inhibition is due to the reaction of 
one molecule of inhibitor with one molecule of 
enzyme to give a phosphorylated inactive enzyme 
and the elimination of a molecule HX, which was 
p-nitrophenol in the example cited. It seemed 


desirable that these studies should be extended to 
see whether or not a similar mechanism was 
operative with a different enzyme and another 
inhibitor. For this purpose trypsin was selected, as 
it was also available in the crystalline state and 


measurements on the molecular weight had been 
published. It was known to be inhibited by dizso- 
propylphosphorofluoridate (Jansen, Nutting, Jang 
& Balls, 1949), and investigation soon showed that 
it was also inhibited by the phosphorus compounds 
we wished to employ, namely E. 600 and OS-diethyl 
O-p-nitrophenyl phosphorothiolate (‘S-ethyl com- 
pound’). The stoicheiometry of the inhibition of 
trypsin has been studied, and velocity constants at 
different temperatures for the inhibition of both 
trypsin and chymotrypsin by the two compounds 
have been measured. Some of the results have been 
briefly indicated in a preliminary communication 
(Kilby & Youatt, 1952). 


EXPERIMENTAL 


Materials 


Enzymes. Two samples of crystalline bovine trypsin as 
supplied by Armour and Company, of Chicago, were used. 
As sample A gave cloudy solutions which interfered with the 
optical density measurements, all solutions prepared from it 
were centrifuged before use, and the clear solutions assayed 
for the amount of active enzyme present. Sample B gave no 
trouble in this respect but the same technique was followed, 
and the solutions were assayed before use. The crystalline 
chymotrypsin used was also an Armour product and was 
the same as sample A of Hartley & Kilby (1952). The 
proteolytic activities were determined by Anson’s haemo- 
globin method (Anson, 1938) and expressed as tyrosine 
units, T.U. Hb/mg. protein nitrogen (P.N.), where one T.U. is 
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Table 1. Activities of Enzyme samples 


Proteolytic 
activity 
at 35-5° 
(t.u. Hb/ (as % 
mg. P.N.) of total) 


0-026 67 


Active 
protein 


Protein-N 
in solid 
sample 

(%) 

Chymotrypsin A 11-5 

Trypsin A* — 


0-062 37 
Trypsin B 4-9 0-041 24 


* Determinations on trypsin A were made on the clear 
solution after removal of insoluble material by centri- 
fuging. 


Sample 


the amount of enzyme which will liberate the equivalent of 
one millimole tryosine per ml. per min. at 35-5°. Kunitz, 
Northrop & Herriot (1948) report mean values of 0-17 
T.U. Hb/mg. p.N. for pure trypsin containing 15% N, and 
0-039 t.u. Hb/mg. p.n. for pure chymotrypsin containing 
15-5% N. Owing to the small amounts of material available, 
recrystallization of our samples to constant activity was not 
attempted, and the amounts of active enzyme in them were 
calculated by comparison with the values given by Kunitz 
et al. for the pure enzymes. 

Reagents. Diethyl p-nitrophenyl phosphate, (E. 600, 
Paraoxon.) b.p. 142°/6 x 10-* mm. (Hartley & Kilby, 1952). 
00-Diethyl O-p-nitrophenyl phosphorothionate, (C,H;O).. 
PS.OC,H,NO, (E. 605, Parathion), and OS-diethyl O-p- 
nitrophenyl phosphorothiolate, (C,H,O) (C,H;S)PO.OC,. 
H,NO,, (‘S-ethyl compound’), were pure samples supplied 
by Albright & Wilson Ltd., and were used as received. 
a-Toluene-p-sulphonyl-L-arginine methyl ester hydrochlor- 
ide. M.p. 146°, and «-toluene-p-sulphonyl-L-arginine amide. 
M.p. 183-5-184° (Bergmann, Fruton & Pollok, 1939). 
Ethyl p-nitrophenyl carbonate. M.p. 66-5-67° (Ransom, 
1898). p-Nitrophenyl acetate. M.p. 79-5-80° (Kaufmann, 
1909). 


METHODS 


Measurement of proteolytic activity. The haemoglobin 
digestion method of Anson (1938) was used. The final colour 
which developed was read against a reagent blank on a 
Unicam D.G. Spectrophotometer at 69004 It was shown 
that 15 % isopropanol did not affect the enzyme activity. 

Assay of p-nitrophenol. This was carried out in exactly the 
same manner as described by Hartley & Kilby (1952). 

Hydrolysis of toluene-p-sulphonylarginine methyl ester 
(TSAME). The rate of hydrolysis of TSAME was measured 
by a continuous potentiometric titration method similar to 
that of Schwert, Neurath, Kaufmann & Snoke (1948), 
whereby the acid liberated during hydrolysis was contin- 
uously titrated with dilute alkali to constant pH as 
measured on a Cambridge pH-meter. 

The electrodes dipped into 15 ml. of a 0-0026m solution of 
TSAME adjusted to pH 8 and contained in a beaker, at 37°, 
and stirred mechanically. Enzyme solution (0-2 ml.) was 
added and 0-2nN-NaOH was introduced in portions of 
0-01 ml. from a micro-syringe, the successive time intervals 
required for the pH to return to 8 being noted. Unbuffered 
solutions were found to be preferable, and the reference 
point of pH 8 was chosen to lie close to the optimum of 
pH 8-9 quoted by Schwert et al. (1948). 

Hydrolysis of toluene-p-sulphonylarginine amide (TSAA). 
This was followed by a method identical with that used by 
Hartley & Kilby (1952). 
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RESULTS 


Effect of calcium ions on the stability 
of trypsin solutions 
Alkaline solutions of trypsin are unstable, the 
enzyme undergoing a progressive inactivation with 
time (Kunitz et al. 1948). At first, attempts were 
made to correct for this effect in the kinetic studies 
but the procedure was not satisfactory. Following 
a personal communication from Dr Gorini (cf. also 


Table 2. Effect of calcium ions on the stability 
of trypsin solutions 


Activity retained (%) 


Time of 
incubation No 0-025mM- 0-0025M- 
(hr.) CaCl, CaCl, CaCl, 
0-0 100 —_ 
2-5 22 — —_ 
5-0 12 —_ — 
6-0 — 103 94 
12-0 ~— 90 82 
2:0 
. 
5 18 
¥ 
= 2 
> 16 
2 3 
a 
bo 
Ss 1-4 
c 
eo 
2 
a 
= 12 
bo 
a 
1:0 
0 1 2 3 s 3 


Concentration of E. 600 (m X 107) 
Fig. 1. Inhibition of proteolytic activity of trypsin pro- 
duced by incubation with various concentrations of 
E. 600 at 37° and pH 7-6 for 120 min. 


Table 3. Effect of calcium ions upon the liberation of 
nitrophenol from trypsin and E. 600 


An optica! density of 1-0 is equivalent to 6-8 x 10-°m 
nitrophenol. 
Nitrophenol liberation 
(optical density at 40004) 
—A 





f 7 rae 

Time No 0-04M- 0-02 m- 0-01 M- 
(min.) CaCl, CaCl, CaCl, CaCl, 
20 0-066 0-069 0-068 0-067 
51 0-109 0-114 0-115 0-115 
80 0-137 0-139 0-142 0-144 
119 0-162 0-163 0-165 0-168 
159 0-176 0-172 0-181 0-186 
220 0-194 0-191 0-194 0-198 
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Gorini, 1951), that calcium ions have a stabilizing 
effect on trypsin against this inactivation, experi- 
ments were carried out to examine the use of this 
effect as a possible means of obtaining a stable 
enzyme solution. 

A solution of trypsin of known initial activity in 
0-05m borate buffer was incubated at 37° in the 
presence and absence of calcium chloride, and the 
proteolytic activity measured at intervals. The 
results (Table 2) show that in the presence of 
0-025m calcium chloride there is only a slight loss of 
activity over a period of 12 hr. Asa result all further 
experiments were carried out in 0-05m borate 
buffer made 0-025m with respect to calcium 
chloride. This will subsequently be referred to as the 
borate: calcium buffer. 


Inhibition of trypsin by E. 600 


E. 600 inhibits the proteolytic activity of trypsin 
with simultaneous liberation of nitrophenol. 
Various concentrations of E. 600 in zsopropanol 
were added to a solution of trypsin in borate: 
calcium buffer pH 7-6, the final concentration of 
zsopropanol being 15 %. The residual activities were 
determined after 120 min. incubation. Results are 
given in Fig. 1. 


Effect of calcium ions upon nitrophenol liberation 
from reaction of trypsin with E. 600 


Trypsin (1-16 x 10- T.v. Hb/ml.) was incubated at 
25° in 0-05m borate buffer, pH 7-6 containing 15% 
isopropanol with E. 600 (0-01m). At this high con- 
centration of E. 600, reaction with trypsin was 
rapid compared with the autolysis of trypsin. The 
optical density difference at 4000A between this 
solution and a similar one incubated in parallel 
but lacking enzyme, gave a measure of the nitro- 
phenol liberated, corrected for that due to spon- 
taneous hydrolysis of E. 600. Various concentrations 
of calcium chloride were added, and the results are 
given in Table 3. Under the conditions of the experi- 
ment, the added calcium chloride did not affect the 
rate or extent of nitrophenol liberation. 


Amount of nitrophenol liberated after complete 
inhibition of trypsin by E. 600 


Table 4 gives the results of a series of experi- 
ments in which the concentration of nitrophenol 
liberated from E. 600 or the S-ethyl compound was 
measured after the proteolytic activity of trypsin 
had been completely inhibited. The third column of 
the table gives the amount of nitrophenol to be 
expected if one molecule of enzyme, of molecular 
weight 36500 (Kunitz & Northrop, 1936), reacts 
with one molecule of inhibitor liberating one mole- 
cule of nitrophenol. 
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Table 4. Observed and calculated nitrophenol liberation resulting from complete inhibition of trypsin 
by E. 600 and ‘S-ethyl compound’ 


The calculated nitrophenol is that expected if one molecule is liberated for each molecule of trypsin inhibited, assuming 


a molecular weight of 36500 for trypsin. 


Activity of 
trypsin solution 
(t.u. Hb/ml. 
x 10-4) 


Concentration 
of inhibitor 
(mx 10-3) 


No. of 
detns. 


Nitrophenol 


Ratio, 
obs./cale. 


Calculated 
(m x 10-5) 


Observed 
(m x 10-5) 


(a) E. 600 as inhibitor 


1-0 
7-5 
5-0 
75 
5-0 
2-5 


10-0 


ore 
ee 
“1 bo bo 


2 
~1 
~I 


PrP PP Pe 
2 
“1 
«a 


0-57 


1-99 
2-16 
2-14 
2-19 
2-15 
2-00 
2-17 
Mean 2-13 
(s.D.+0-07) 


0-93 
0-82 
0-82 
0-42 
0-42 
0-42 
0-27 


1-85 
1-77 
1-76 
0-92 
0-90 
0-84 
0-59 


(b) OS-Diethyl O-p-nitrophenyl phosphorothiolate as inhibitor 


2-30 1-0 

2-30 0-75 
2-30 0-50 
2-20 0-50 


2-01 1-0 
0 


7 
7 


1-73 ‘ 
1-73 , 
1-73 } 


rm He OO ee CO GO 


Kinetics of liberation of nitrophenol 


The kinetics of the inhibition reaction were 
studied by following the rate of liberation of nitro- 
phenol by measurements of the optical density 
changes. Enzyme solutions were in borate: calcium 
buffer pH 7-6 and of activities approximately 
1-5 x 10-t.u. Hb/ml. for trypsin and 3 x 10-°7.v. 
Hb/ml. for chymotrypsin. The trypsin and chymo- 
trypsin solutions contained 15 and 5 % isopropanol, 
respectively. Various concentrations of E. 600 were 
added and the experiments were carried out over 
a range of temperatures. Nitrophenol liberated in 
excess of that due to the spontaneous hydrolysis of 
the inhibitor was measured. 

If the inhibitor concentration (J) is large com- 
pared with that of the enzyme (a), then the con- 
centration of nitrophenol (x) observed at time ¢ is 
given by the equation 

dx 


— k,(a—2), 


which if integrated gives 


’ 2-303 1 a 
= Oo _. 
ko Z10 (a —2) 


After complete inhibition the nitrophenol concen- 


100(a — x) 


tration is a. In Fig. 2, log,, — is plotted 


against ¢ for various inhibitor concentrations at 25°. 


2-04 
2-02 
1-86 
1-98 
2-05 
2-16 
2-01 
2-10 
Mean 2-02 
(s.D. + 0-05) 


1-24 
1-24 
1-24 
1-18 
1-07 
0-93 
0-93 
0-93 


2-53 
2-50 
2-31 
2-34 
2-19 
2-01 
1-87 
1-96 


(E) 


(D) 


(8) 
ee 
50 100 150 200 250 300 350 
Time (min.) 
Fig. 2. Liberation of nitrophenol from reaction of trypsin 
and E. 600 at 25° and pH 7-6. The measured nitrophenol 


100(a — x) 


concentration is plotted as logy, » where a is 


the total nitrophenol concentration observed at com- 
pletion of reaction, and x the amount of nitrophenol at 
time ¢. Concentrations of E. 600 used: (A) 10-*m, (B) 
8-0x10-°m, (C) 60x10-*m, (D) 40x10-3m, (ZB) 
2-0 x 10-*M. 


Table 5. Velocity constants for reaction of trypsin 
with E. 600 at 25°, pH 7-6 


Concentration 
Observed (J) of E. 600 
ko ( x 10-3m) 

0-0148 10 

0-0104 

0-0081 

0-00544 

0-00246 


ko|(I) kg|(Z)? 
1-48 148 
1:30 162-5 
1-35 225 
1-36 340 
1-23 515 
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Table 6. Velocity constants (ky) for enzyme-inhibitor reactions 


Trypsin + 
‘S-ethyl 
compound’ 


Temp. Trypsin 
(°) + E. 600 
40-1 3-36 
37-5 3-11 
35:1 2-37 
30-5 2-01 
25-8 _ 
25-0 1-31 
20-4 0-98 
16-2 a 
AE kcal./mole 15-5 


61-2 
42-1 
20-8 _— 
13-0 


Chymotrypsin + 
‘S-ethyl 
compound’ 


Chymotrypsin 
+E. 600 


425 
311 
166 


21-6 113 


* Hartley & Kilby (1952). 


When plotted in this form a series of straight lines is 
obtained from which the value of k, can be found. 
If the reaction between enzyme and inhibitor is 
bimolecular then k, will be equal to k,(Z), but if the 
reaction is termolecular, then k, will be equal to 
k{1)*, where k, and k, are the bimolecular and ter- 
molecular velocity constants respectively. The 
values given in Table 5 support a bimolecular 
mechanism. 


Activation energies for inhibition reactions 

A series of measurements at different inhibitor 
concentrations, similar to those shown in Fig. 2, 
were made at a number of different temperatures 
for inhibition of both trypsin and chymotrypsin by 
the two inhibitors. When log k, was plotted against 
1/T, satisfactory straight lines were obtained from 
which the activation energies (AZ) were calculated, 
using the integrated form of the Arrhenius equa- 
tion log k= —AE/RT' + const. The results are sum- 
marized in Table 6. 


Action of E. 605 on trypsin and chymotrypsin 

Solutions of trypsin and chymotrypsin were 
incubated at 25° with 10-*m E.605 in buffer 
solution containing 15% isopropanol. After 6-5 hr. 
no inhibition or liberation of nitrophenol could be 
detected. In another experiment chymotrypsin was 
incubated for 2 days with 10-4m E. 605, but no 
nitrophenol was observed. 


Rate of inhibition of different enzymic 
activities of trypsin 

Proteolytic activity. Simultaneous estimations of 
the rate of inhibition of proteolytic activity and the 
rate of liberation of nitrophenol were made. Trypsin 
solutions in 0-05m borate:calcium buffer (pH 7-6) 
were incubated at 37° with E. 600. Final concentra- 
tions were: trypsin corresponding to an activity of 
approximately 1-5x10-‘t.u. Hb/ml., the exact 
activity being determined at the beginning of each 
experiment; E. 600, 3 x 10-*m; zsopropanol, 15%. 
The proteolytic activity was measured at intervals 
and the liberation of nitrophenol by the optical 
density. 


Table 7. Values of bimolecular velocity constant for 
reaction between trypsin and E. 600 obtained by 
different methods 

ky 
(mole! min.—') 
3-33 
3-07 
3-28 
3-11 


Rate measured 


Inhibition of proteolytic activity 
Inhibition of esterase activity 
Inhibition of amidase activity 
Liberation of nitrophenol 


Esterase activity. The rate of inhibition of the 
enzymic hydrolysis of TSAME was measured. 
A trypsin solution of pH 7-6 and activity approxi- 
mately 3x 10-*1t.0. Hb/ml. was incubated at 37° 
with 3x 10-*m E. 600 and the rate of inhibition 
measured by withdrawing samples at various 
intervals and measuring the rates of hydrolysis of 
0-0026m TSAME by the potentiometric technique 
after suitable dilution of the enzyme sample. 

Amidase activity. Solutions of trypsin of approxi- 
mate activity 0-9 x 10-47.u. Hb/ml. were incubated 
at 37° with 3 x 10-° m E. 600. At intervals samples 
were withdrawn and diluted with equal volumes of 
0-1m TSAA in buffer containing 15 % zsopropanol. 
The rate of liberation of ammonia at 37° was 
followed by the Conway microdiffusion method. 
Table 7 shows that the rate of liberation of nitro- 
phenol is the same as the rate of inhibition of each of 
the three enzymic activities. 


Hydrolysis of p-nitrophenyl carbonate (NPC) 
and acetate (NPA) 


p-Nitrophenyl carbonate and acetate were 
examined as possible substrates for trypsin. 
Solutions of the substrate were made up in iso- 
propanol to give the required final substrate con- 
centration in 5% isopropanol when added to a 
solution of the enzyme in borate : calcium buffer. The 
rate of liberation of nitrophenol was measured by 
the rate of increase of optical density at 40004. The 
rates of spontaneous hydrolysis of these esters were 
constant over the observed period and proportional 
to the ester concentration. The first-order velocity 
constants (k) at 20° were 2-54 x 10-4 min.~! for the 
carbonate and 7-4 x 10-4 min.“ for the acetate. The 


20-2 








Rate of hydrolysis, 10’ mole/min. 





10 20 30 40 50 60 X 107 


mg. PN/ml. trysin B 


Fig. 3. Relationship between rate of hydrolysis of nitro- 
phenyl esters and trypsin concentration (20°, pH 7:6). 


carbonate was used in most of the experiments to 
diminish corrections for the spontaneous hydrolysis. 

The rates of hydrolysis of both NPC and NPA 
were found to be proportional to the trypsin concen- 
tration (Fig. 3). The concentration of nitrophenyl 
ester was 5 x 10-4m. The average esterase activities 
were found to be 5-3 x 10-* mole/min./mg. P.N. for 
the carbonate and 11-1 x 10-* mole/min./mg. P.N. 
for the acetate. 


DISCUSSION 


The present work has shown that when trypsin is 
inhibited with diethyl p-nitrophenyl phosphate 
(E. 600, Paraoxon), the rate of liberation of nitro- 
phenol is the same as the rates of inhibition of the 
proteolytic, amino acid esterase and amidase 
activities of the enzyme. This is consistent with the 
view that the same site on the enzyme surface is 
concerned in the four processes. The same be- 
haviour has previously been demonstrated for the 
inhibition of chymotrypsin by E. 600 (Hartley & 
Kilby, 1952). It is known that trypsin which has 
been inhibited by dicsopropylphosphorofluoridate 
(DFP) contains phosphorus derived from the 
inhibitor (Jansen & Balls, 1952; Cunningham, 
Tietze, Green & Neurath, 1953), while our work has 
shown that during the inhibition process, a portion 
of the inhibitor is released (nitrophenol from E. 600 
or its S-ethyl analogue). These observations suggest 
that the process of inhibition of trypsin is one of 
phosphorylation; e.g. with E. 600: 
Trypsin-H + (EtO),PO.OC,H,NO, 
=trypsin-PO.(OEt),+HO.C,H,NO,, 


and is thus the same process as the inhibition of 
chymotrypsin by organophosphorus compounds. 
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In this latter case, additional evidence is available 
as it has been shown that DFP-inhibited chymo- 
trypsin contains two isopropyl groups derived from 
the inhibitor/molecule of enzyme (Jansen, Nutting, 
Jang & Balls, 1950). 

When chymotrypsin is inhibited with E. 600, one 
molecule of nitrophenol is liberated for each mole- 
cule of enzyme inhibited. Calculation of the stoich- 
eiometry of the trypsin-inhibitor reactions with the 
two compounds used involves an assumption as to 
the molecular weight of trypsin, and the results just 
presented were calculated on the basis of the original 
value of 36500 found by osmotic pressure measure- 
ments (Kunitz & Northrop, 1936). This led to a 
value close to two for the number of molecules of 
nitrophenol liberated when one molecule of enzyme 
is inhibited. Our value for the ‘equivalent weight’ 
of trypsin (i.e. that weight which reacts with the 
molecular weight of a simple inhibitor as DFP or 
E. 600) is 17000-18000, while the phosphorus 
analysis of DFP-inhibited trypsin made by Jansen & 
Balls (1952) indicate an equivalent weight of 20700. 
If the molecular weight of trypsin is twice the 
equivalent weight (as Kunitz & Northrop’s figure 
would indicate), then reaction of trypsin with 
inhibitor might show the kinetics of a termolecular 
reaction. The velocity constants were measured 
when the inhibition reaction was carried out in the 
presence of different large excesses of inhibitor, so 
that the reaction followed first-order kinetics. 
These velocity constants were found to be pro- 
portional to the inhibitor concentration and not to 
its square, indicating that the inhibition reaction 
was behaving as a second-order and not a third- 
order one. This could be explained by suggesting 
that the enzyme molecule contains two active 
centres which are independent and that the inhibi- 
tion of one does not affect, in a measurable manner, 
the enzymic activity or rate of reaction with in- 
hibitor of the other centre; or that there is a single 
active centre which reacts initially with one mole- 
cule of inhibitor in a slow, rate-controlling reaction, 
followed by a fast reaction with a second molecule 
of inhibitor. Another possibility is that the mole- 
cular weight of trypsin is half the original value 
proposed and that there is a single active centre in 
the molecule, as in the closely parallel case of 
chymotrypsin. Recently a number of estimations 
of the molecular weight of trypsin or related com- 
pounds, such as trypsinogen or DFP-inhibited 
trypsin, have been made and values around 20000 
have been reported. Bergold (1946) found a value of 
15100 for trypsin from a single sedimentation 
analysis. The molecular weight of the complex of 
soya bean inhibitor with trypsin was found by 
McLaren (1952) to be $1000 which corresponds to 
a molecular weight of 17000 for trypsin on the 
basis of a one-to-one combination of enzyme and 
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inhibitor. Crystalline DFP-inhibited trypsin was 
found by Cunningham ef al. (1953) to have a mole- 
cular weight of 24000 from sedimentation and 
diffusion rate measurements, and an equivalent 
weight of 24800 from the phosphorus content. 
Crystalline trypsinogen was found by Tietze (1953) 
to give a value of 23700, while Davie & Neurath 
(1953) have shown that a peptide of minimum 
molecular weight of about 1000 is split off from 
trypsinogen during autocatalytic activation to 
trypsin. The rather high values of 36000 and 34000 
have been found by deuteron bombardment of 
crystalline trypsin and electron bombardment of 
amorphous trypsin, respectively (Pollard, Buzzell, 
Jeffreys & Forro, 1951). Measurements of the film 
molecular weight of trypsin spread on 35% 
ammonium sulphate gave a value of 41000, con- 
sidered by the authors (Mishuck & Eirich, 1951) to 
represent a dimer. It would appear that the 
divergencies in the values are probably due to 
varying degrees of association under the different 
conditions employed. Cunningham e¢ al. (1953) 
consider that when trypsin is stable and active (e.g. 
in the presence of calcium ions at the optimum pH 
of 7-8) or stable and inactive (e.g. at pH 3-0, or as 
DFP-trypsin at any pH) then it exhibits the sedi- 
mentation behaviour of a monodisperse solution ; 
on the other hand, when trypsin is under conditions 
when it is active but unstable (e.g. at a pH favour- 
able for enzymic activity, but with no stabilizing 
calcium ions), then it exists in a monomer-polymer 
equilibrium which is dependent upon the age of 
the solution and the protein concentration. Our 
measurements were made under conditions when 
trypsin is active and stable (pH 7-6 in the presence 
of 0-025 calcium chloride) and so should be present 
as a monomer of molecular weight around 20000. 
Our results are consistent with this behaviour. 

Parathion was originally considered to be a power- 
ful anticholinesterase in vitro, but recent work 
(Diggle & Gage, 1951) has shown that this was due 
to contamination with the ‘S-ethyl isomer’, and 
that very pure Parathion has low in vitro activity. 
The anticholinesterase effects in vivo have been 
shown by Gage (1953) to be due to oxidation to 
E. 600, a powerful inhibitor in vivo and in vitro. The 
behaviour of these three phosphorus compounds 
towards trypsin in vitro follows a similar pattern, 
Parathion showing no detectable inhibitory action 
in contrast to the high activity of the other two. 
Trypsin, like chymotrypsin, was found to be able to 
hydrolyse enzymically p-nitrophenyl acetate and 
p-nitrophenyl ethyl carbonate, but the activities 
are of a low order. 


SUMMARY 


1. The effect of calcium ions in stabilizing trypsin 
against autolysis has been confirmed. 
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2. The proteolytic activity of trypsin is inhibited 
by diethyl p-nitrophenyl phosphate (E. 600) and by 
OS-diethyl O-p-nitrophenyl phosphorothiolate, but 
not by diethyl p-nitrophenyl phosphorothionate 
(parathion). 

3. p-Nitrophenol is liberated during the inhibi- 
tion of trypsin by the two active inhibitors. The 
molar concentration of nitrophenol liberated after 
complete inhibition is equivalent to the molar 
concentration of the enzyme, assuming a molecular 
weight of 17000-18000 for trypsin. 

4. The rates of inhibition of the proteolytic, 
amidase and amino acid esterase activities are equal 
and exactly correspond to the rate of liberation of 
nitrophenol. 

5. Velocity constants for the inhibition of trypsin 
and chymotrypsin by the two inhibitors have been 
measured at different temperatures and activation 
energies calculated. 

6. The results support the hypothesis of a single 
active centre in trypsin, and this is discussed in 
relation to published estimates of its molecular 
weight. 


The authors are indebted to the Agricultural Research 
Council for a grant which made this work possible. They also 
thank Dr Gorini for information concerning the effect of 
calcium upon trypsin before this was published. 
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Studies on Sulphatases 
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The presence in certain tropical molluscs of an 
enzyme capable of liberating sulphuric acid from 
glucose 6-sulphate was first noted by Soda & 
Hattori (1931). The enzyme was a simple hydrolase 
(Soda & Egami, 1933) and was concentrated in the 
digestive glands. Subsequent work (Tanko, 1932; 
Buehler, Katzman & Doisy, 1951) showed a similar 
glycosulphatase to occur in certain bacteria but 
there have been no reports of a mammalian source 
of the enzyme. Although other carbohydrate 
sulphates were substrates for the enzyme, activity 
was greatest with glucose 6-sulphate and the name 
“glucosulphatase’ was adopted (Soda, 1934). How- 
ever, Soda’s observations must be regarded with 
caution since no attempt was made to compare 
activities at the optimum conditions for each 
particular substrate. For this reason the name 
*glycosulphatase’ is preferred by the present 
authors until the specificity of the enzyme is known 
more precisely. Between 1931 and 1948 a series of 
publications by Soda and his co-workers described 
the purification and properties of glycosulphatase, 
although the value of the quantitative work was 
limited by the insensitivity of the methods used to 
estimate enzyme activity. Part of this work was 
reviewed by Fromageot (1950) but the enzyme 
does not appear to have become widely known, 
despite its possible use in structural carbohydrate 
chemistry. 

As part of a general study of sulphatases in this 
laboratory a search was made for glycosulphatase in 
marine molluscs common to British waters. Some 
of these organisms possessed weak glycosulphatase 
activity (see also Percival, 1949) but the large peri- 
winkle (Littorina littorea) was particularly active. 
By using a sensitive method for the determination 
of inorganic sulphate (Dodgson & Spencer, 1953) it 
was possible to study glycosulphatase for the first 
time using short incubation periods (1 or 2 hr.). 
During these studies it became obvious that glucose 
6-sulphate prepared by direct sulphation was not 
pure and was unsuitable as a substrate for enzyme 
studies. This heterogeneity appears to have escaped 
the notice of other workers (Percival & Soutar, 1940; 
Duff, 1949; Wolfrom & Montgomery, 1950) but was 
noted by Egami (1940) for glucose 6-sulphate 
prepared by the method of Soda (1933). 


METHODS AND MATERIALS 


Measurement of enzyme activity. The amount of sulphate 
liberated by the enzyme from potassium glucose 6-sulphate 
was measured by the method of Dodgson & Spencer (1953). 
This method cannot be used with barium salts. During 
preliminary studies there were indications that the method 
gave anomalous results at high substrate concentrations. 
This was probably due to low blank values, since recoveries 
of added K,SO, from concentrations of substrate greater 
than 0-02 (Table 2) were high for this reason. Variation of 
the conditions for the precipitation of benzidine sulphate 
did not affect these low blank values, and it was necessary to 
lower the substrate concentration by diluting the incubation 
mixture before the addition of benzidine in order to obtain 
quantitative recoveries of SO,?-. Thus instead of incubating 
0-6 ml. substrate with 0-6 ml. enzyme solution as described 
in the original method, smaller volumes (0-1 or 0-2 ml.) were 
used in conjunction with an equal volume of a more con- 
centrated enzyme solution. After incubation, aqueous 
ethanol was added to give a final volume of 6 ml. The 
amount of ethanol added was such that there was a con- 
centration of 80% (v/v) ethanol in the final mixture. This 
procedure fulfilled the conditions necessary for precipitating 
benzidine sulphate outlined by Dodgson & Spencer (1953). 

Molluscs. Supplies of Littorina littorea, Patella vulgata 
and Gibbula umbilicalis were obtained from the Bristol 
Channel area. Other organisms were obtained from the 
Marine Biological Station, Plymouth. They were kept alive 
in aerated sea-water or, for shorter periods, in the ice chest. 
For enzyme assay, organisms were used as soon as possible 
after collection (see Dodgson, Lewis & Spencer, 1953), whilst 
for the preparation of enzyme concentrates they were 
starved for a week in order to remove food material from the 
visceral hump. 

Potassium glucose 6-sulphate. This was obtained from the 
barium salt prepared by direct sulphation of glucose with 
chlorosulphonic acid and pyridine (Percival & Soutar, 1940) 
or more frequently with pyridine : SO, reagent thus avoiding 
the need to remove Cl” (Duff, 1949). The barium salt was 
converted into the potassium salt by adding the requisite 
amount of K,SO, to a concentrated aqueous solution of the 
barium salt. The precipitated BaSO, was separated by 
centrifuging and the potassium glucose 6-sulphate in the 
supernatant precipitated with absolute ethanol. Thecom- 
pound was dried at 80-90° in vacuo. (Found: 50,, 32-9; 
K, 13-7. Cale. for C,H,,0,SK :SO,, 32-2; K, 13-1 %.) 

Potassium glucose 3-sulphate. The method of Percival 
(1945) was modified by using pure pyridine:SO, as sul- 
phating agent. Di-isopropylidene glucose (14-9 g.) was 
dissolved in 100 ml. of dry pyridine and treated with 13-5 g. 
of pyridine : SO, reagent at 60° for 3 hr. with stirring. About 
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half the starting material was sulphated. Thereafter the 
method followed that of Percival (1945) except that after 
extraction of di-isopropylidene glucose 3-sulphate with 
acetone, evaporation of the acetone at room temperature 
gave a crystalline product without further treatment. 
Attempts to remove the isopropylidene groups of this 
compound with acid ion-exchange resins at 100° resulted in 
loss of ester sulphate and the original procedure was 
adhered to. The barium salt obtained was converted into the 
potassium salt as described for potassium glucose 6- 
sulphate. The compound was dried at 70-80° in vacuo. 


RESULTS 
The purity of potassium glucose 6-sulphate 


Egami (1938, 1940, 1942) concluded that glucose 
6-sulphate prepared by the direct sulphation 
method of Soda (1933) was impure since it was 
partially hydrolysed (about 15%) by hydrazine at 
37-5° in the presence of acetate at pH values 
varying from 4-1 to 7-1. No further hydrolysis was 
observed after addition of more hydrazine or by 
prolonged incubation but after adding more glucose 
6-sulphate further hydrolysis occurred to the extent 
of about 15% of the extra material added. By 
fractional crystallization of the brucine salt, Egami 
prepared glucose 6-sulphate which was ‘hardly 
hydrolysed’ by hydrazine. Studies on the effect of 
increasing substrate concentration on the activity 
of Littorina glycosulphatase during the present 
work suggested that glucose 6-sulphate prepared by 
other direct sulphation methods was also impure 
(see Fig. 4) and further studies confirmed this. 

The action of hydrazine on potassium glucose 6- 
sulphate. The findings of Egami were confirmed for 
the substrate prepared according to Duff (1949). 
Potassium glucose 6-sulphate (1 ml. of 0-5m) in 
barium acetate:acetic acid buffer (0-5m, pH 5-3) 
was incubated at 37-5° with hydrazine (2 ml. of 
0-5 hydrazine hydrate in the same buffer adjusted 
to pH 5-3) and the liberated sulphate determined 
gravimetrically as BaSO,. Suitable blank deter- 
minations were made. A typical hydrolysis curve 
(Fig. 1) shows that hydrolysis did not cease com- 
pletely after the initial rapid change. The slow 
hydrolysis was accompanied by a darkening of the 
solution and it seemed probable that some general 
degradation of remaining substrate was occurring. 
The degree of initial hydrolysis varied slightly from 
preparation to preparation. Addition of more 
hydrazine did not affect the extent of the rapid 
hydrolysis, but addition of more substrate after the 
conclusion of the initial hydrolysis resulted in a 
further equivalent amount of initial hydrolysis. The 
extent of primary hydrolysis could be substantially 
reduced by preparing potassium glucose 6-sulphate 
via the recrystallized brucine salt. In a typical 
experiment the product from the sulphation of 
20 g. of glucose was divided into three parts. One 
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part was converted into the potassium salt in the 
usual way (preparation A), a second part was con- 
verted into the potassium salt via the once re- 
crystallized brucine salt (B), and the third part was 
treated identically except that the brucine salt was 
recrystallized four times (C). The degree of initial 
hydrolysis by hydrazine was 27-4, 18-9 and 15-6 %, 
respectively. 

Fig. 1 also shows the effect of hydrazine on 
potassium glucose 3-sulphate under identical 
experimental conditions. The experiment was not 
continued beyond 10 days since by then the solu- 
tions had darkened considerably and the controls 
without hydrazine showed appreciable hydrolysis 
(about 8 %). 

These results may be interpreted by assuming 
that an impurity is present to the extent of about 
25-30% in glucose 6-sulphate prepared by direct 
sulphation. The most likely main impurity would be 
an isomeric glucose monosulphate. The rate of 
hydrolysis of this impurity by hydrazine is much 
greater than that of glucose 6-sulphate and the 
hydrolysis curve for the latter is only evident when 
hydrolysis of the impurity is complete. It is 
difficult to follow this slower hydrolysis further, 
since it is complicated by a general non-specific 
hydrolysis (and possibly degradation) of substrate 
in the absence of hydrazine. On the other hand, 
glucose 3-sulphate which is chromatographically 
pure shows a smooth hydrolysis curve with hydra- 
zine, as expected. Again a non-specific hydrolysis 
and degradation of substrate prevented the study of 
the curve to completion. 


Hydrolysis (%) 


Days 


Fig. 1. Curves showing the rate of hydrolysis of potassium 
glucose 3- and 6-sulphates by hydrazine hydrate at 37-5°. 
The sulphate (1 ml. of 0-5 in 0-5M barium acetate : acetic 
acid buffer, pH 5-3) was incubated with 2 ml. of 0-5m 
hydrazine hydrate in the same buffer adjusted to the 
same pH. O—O, potassium glucose 3-sulphate; @—®@, 
potassium glucose 6-sulphate. 
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Chromatography experiments. Mrs E. G. V. 
Percival (private communication) suggested that 
glucose sulphates might be separated by paper 
chromatography using the top layer of a mixture of 
ethyl acetate, acetic acid and water (3:1:3, v/v) as 
mobile phase. Chromatograms were run for 24 hr., 
dried at room temperature, sprayed with aniline 
oxalate and heated to 110° for 5-10 min. At least 
three spots (designated as 1, 2 and 3 in order of 
increasing R, value) were obtained with potassium 
glucose 6-sulphate (preparation A), spot 2 being 
very intense and considered to be glucose 6- 
sulphate. None of these spots was chromatographic- 
ally identical with glucose or potassium glucose 
3-sulphate, although in chromatograms run for 
shorter periods (6—12 hr.) a faint, fast-moving spot 
was identified as glucose. Chromatography of 
equal concentrations of preparations A, B and C 
showed that spot 1 decreased in intensity from A 
to C and this was evidently the main impurity. 
Spot 3 was very faint and present in A only. 
Potassium glucose 3-sulphate appeared to be homo- 
genecus on the paper chromatogram. 

Spectroscopic observations. During preliminary 
studies, the ultraviolet absorption spectra of a 
number of preparations of glucose 6-sulphate 
(prepared according to Duff, 1949) revealed the 
presence of an absorption peak at the wavelength of 
maximum absorption of pyridine in water (256 mu.). 
Since glucose itself had no characteristic absorption 
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Fig. 2. Ultraviolet absorption of aqueous solutions (1%, 
w/v) of various samples of potassium glucose 6-sulphate 
prepared by direct sulphation of glucose. Curve 1 is for 
the compound prepared according to Duff (1949); 
curve 2 is for a similar preparation after prolonged treat- 
ment with BaCO, (preparation A, see text); curve 3 is for 
preparation A purified via a recrystallized ( x 4) brucine 
salt; curve 4 is a reference curve for glucose (Hopkin & 
Williams Ltd., A.R.) 
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in the ultraviolet, the absorption maximum noted 
was presumably due to traces of contaminating 
pyridine or to unchanged pyridine salt which occurs 
as an intermediate in the preparation of glucose 
6-sulphate. This impurity was not present in pre- 
parations where the treatment of the pyridine 
glucose 6-sulphate with barium carbonate was 
extended from 2 to 4hr. (see Fig. 2). In later 
experiments this procedure was always followed and 
results quoted in this paper are for glucose 6- 
sulphate prepared in this way (preparation A). 
However, removal of the impurity with consequent 
removal of the associated peak absorption revealed 
a smaller absorption at 260 my. The curve was 
again characteristic of pyridine and was probably 
due to other contaminating pyridine salts since the 
impurity was not present in preparations B and C 
which had been obtained via a recrystallized brucine 
salt. 

Soda (1933) reported that the ultraviolet ab- 
sorption spectrum of potassium glucose 6-sulphate 
in water showed a maximum absorption at 263 mu. 
The magnitude of this absorption was of the same 
order as that obtained at 260 my. during the present 
work. Soda attributed the absorption to a straight- 
chain aldehyde form of glucose 6-sulphate though he 
noted that it was much more displaced towards 
shorter wavelengths than was usual for the C—O 
bond. Chemical tests made on several different 
preparations of glucose 6-sulphate in this laboratory 
gave no indication of the existence of a straight- 
chain aldehyde form. Whatever the cause of this 
absorption it was not due to a major impurity since 
it was absent from preparations B and C, although 
the hydrazine and chromatographic experiments 
showed them to be substantially impure. 

Enzyme experiments. A study of the effect of 
increasing the concentration of substrate on the 
activity of the glycosulphatase present in an 
acetone-dried preparation of Littorina visceral 
hump gave an abnormal substrate concentration 
curve (Fig. 4). This curve suggested substrate 
heterogeneity. It must be noted that potassium 
glucose 6-sulphate (preparation A) was hydrolysed 
completely by Littorina glycosulphatase. 


Glycosulphatase activity in molluscs 


Using arbitrary experimental conditions (0-01M 
potassium glucose 6-sulphate in 0-5m acetate at 
pH 5-2), suspensions of the visceral humps of 
a number of common marine molluscs were tested 
for glycosulphatase activity. The results are re- 
corded in Table 1. The activities probably represent 
only a fraction of the actual activity since the 
experimental conditions used were not optimum. 

Preparation of a glycosulphatase concentrate. In 
spite of the relatively high concentration of glyco- 
sulphatase in Littorina compared with that in the 
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Table 1. Glycosulphatase activity of suspensions of marine molluscs 


Substrate, 0-01m potassium glucose 6-sulphate in 0-5m acetate, pH 5-2, incubated for 2 hr. at 37-5° 


Organism 


Osilinus linneatus 
Calliostoma zizyphinum 
Gibbula umbilicalis 
Patina pellucida 
Patella vulgata 
Buccinum undatum 

B. undatum 

B. undatum 

Littorina littorea 


other molluscs examined, it was convenient to make 
a concentrated enzyme preparation before studying 
the enzyme. The visceral humps of periwinkles were 
dissected out, washed quickly in ice-cold distilled 
water and macerated in ice-cold acetone. After 
being filtered at the pump, the solid material was 
again macerated with ice-cold acetone and the 
debris removed, washed with ice-cold acetone and 
dried in vacuo (yield 9-0g. from 46g. visceral 
hump). The powder (8-5g.) was macerated in 
120 ml. of ice-cold distilled water and cold acetone 
was added slowly (stirring) until the concentration 
of acetone was 20% (v/v). Precipitated material 
was removed by centrifuging at 0° and cold acetone 
was added to the supernatant to give a final con- 
centration of 60% (v/v). After standing at 0° for 
a few minutes to allow flocculation, the precipitate 
was separated, washed well with cold acetone and 
dried in vacuo. The light-coloured powder obtained 
(2-0 g.) was stable when kept in an air-tight bottle 
at 0°. One g. of this powder liberated 80000 yg. of 
SO,?- from 0-07mM potassium glucose 6-sulphate 
(preparation A) in 0-5 acetate, pH 5-85 in 1 hr. at 
37-5°. The nitrogen content was 11% (w/w). 

The effect of pH on enzyme activity. The optimum 
pH for the enzyme was 5-85 in 0-5M acetate when 
the concentration of substrate (preparation A) was 
0-01m (Fig. 3). The impure nature of the substrate 
was not reflected in this curve. Soda (1936) records 
the optimum pH of a preparation of glycosul- 
phatase obtained from Triton nodiferus as 5-1—5-2 
when the substrate was 0-044N barium glucose 
6-sulphate. 

The effect of substrate concentration on enzyme 
activity. At pH 5-85 in 0-5 acetate an abnormal 
substrate concentration curve was obtained (Fig. 4). 
This curve is probably due to the impure nature of 
the substrate (preparation A), although interpreta- 
tion is difficult in the absence of more precise in- 
formation about the substrate. Moreover, the 
possibility of more than one glycosulphatase being 
present has not been excluded. 


Visceral hump 
Visceral hump 
Visceral hump 
Whole organism 
Visceral hump 96 
Posterior digestive gland 

Anterior digestive gland 

Mucous gland 

Visceral hump 


SO,?- liberated/ 
g. of tissue 
(#8) 

282 
215 


Organ 


SO,” liberated (jg.) 


50 55 60 65 7-0 
pH 
Fig. 3. pH activity curve for the glycosulphatase of a con- 
centrate prepared from the visceral hump of Littorina. 
The concentration of potassium glucose 6-sulphate was 
0-01M in 0-5M acetate and incubations were for | hr. at 
37-5°. 


80 


SO,” liberated (11g.) 


4 6 8 10 
Substrate concentration (M X10") 
Fig. 4. Substrate concentration activity curve for the 
glycosulphatase of a concentrate prepared from the 


visceral hump of Littorina acting on potassium glucose 
6-sulphate in 0-5 m acetate, pH 5-85, during 1 hr. at 37-5°. 
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Table 2. Recoveries of K,SO, added to solutions of potassium glucose 6- and 3-sulphates 
in 0-5M acetate at pH. 5-85 


Molarity of 
Substrate substrate 
Potassium glucose 6-sulphate 0-01 
0-02 
0-03 
0-05 
0-07 
Potassium glucose 3-sulphate 0-01 
0-01 
0-02 
0-02 


Activities of other enzymes in the concentrate. 
Other sulphatase enzymes were present in the con- 
centrate. Arylsulphatase activity measured at the 
optimum conditions (Dodgson et al. 1953) was 
1047000 arylsulphatase units/g. when potassium 
p-acetylphenyl sulphate was the substrate. Chon- 
drosulphatase was also present, 1 g. of the powder 
liberated 5430 yng. SO,?- from sodium chondroitin 
sulphate in | hr. at 37-5° under arbitrary experi- 
mental conditions (1-65 %, w/v, substrate in 0-5m 
acetate at pH 5-75). Drs S. R. Stitch and I. D. K. 
Halkerston (private communication) have demon- 
strated the presence in our preparation of an enzyme 
capable of liberating SO,?- from sodium dehydro- 
zsoandrosterone sulphate (see also Stitch & Halker- 
ston, 1953). The f-glucuronidase content was 
55000 p-chlorophenol units/g. (see Dodgson et al. 
1953). 

Potassium glucose 3-sulphate as a glycosulphatase 
substrate. Since the method of preparation gave 
chromatographically pure potassium glucose 3- 
sulphate the possibility of using this compound as 
a substrate was considered. It was readily attacked 
by the glycosulphatase preparation, 90 mg. being 
hydrolysed in 96hr. at 37-5° by 0-2 g. enzyme 
powder in the presence of barium acetate:acetic 
acid buffer, pH 5-85. The liberated sulphate was 
determined indirectly (Soda, 1936) as barium 
sulphate. However, potassium glucose 3-sulphate 
was less stable than the corresponding 6-sulphate 
and was slowly hydrolysed under the conditions 
necessary for the determination of sulphate by the 
benzidine method (Dodgson & Spencer, 1953). 
Table 2 shows the recovery of inorganic sulphate 
added to solutions of potassium glucose 3-sulphate 
in the presence of 0-5m acetate at pH 5-85. In all 
cases recoveries were low, but the amount of 
sulphate present in both ‘test’ and ‘blank’ deter- 
minations was abnormally high and it was obvious 
that, even at 0° the substrate was unstable in the 
presence of trichloroacetic acid. For this reason 


Time of standing 


of precipitated 
benzidine K,SO, (ug.) 
sulphate at 0° 
(hr.) Added Recovered 

18 26-25 26-3 

18 26-25 26-2 

18 26-25 28-0 

18 26-25 33-4 

18 26-25 41-2 

18 20-3 78 

3 20-3 9-5 

18 20-3 7-4 

3 20-3 10-4 


potassium glucose 3-sulphate was an unsuitable 
substrate for glycosulphatase studies using the 
benzidine method. 


DISCUSSION 


The existence of glycosulphatase in molluscs 
common to British waters has now been established 
with certainty. The large periwinkle, available in 
quantity in most fish markets, forms a convenient 
and active source of the enzyme and stable acetone- 
dried concentrates are readily prepared. The 
presence of aryl-, alkyl- and chondro-sulphatases 
and £-glucuronidase in this concentrate suggests its 
possible value as a tool in the elucidation of the 
structure of important naturally occurring sulphate 
esters and in the analysis of urinary steroids. Aryl-, 
chondro- and glyco-sulphatases appear to be 
different enzymes since Soda, Katsura & Yoda 
(1940) were able to separate them to some degree. 
On the evidence available, it is not possible to 
distinguish between alkylsulphatase (Stitch & 
Halkerston, 1953) and glycosulphatase in mollusc 


preparations, although Soda (1936) noted that, 


glycosulphatase was not a general alkylsulphatase 
since it did not hydrolyse potassium ethyl sulphate. 
The specificity of the sulphatases is vague and their 
nomenclature must be regarded as provisional. 

The role of these enzymes in the living mollusc is 
still obscure, though it is tempting to suggest 
connexions between glycosulphatase and the poly- 
saccharide sulphates present in the seaweeds on 
which many molluscs feed. However, preliminary 
experiments indicate that the enzyme preparations 
show little activity towards certain of these sub- 
strates. The separation and purification of these 
sulphatases is a necessary preliminary to studies on 
their physiological significance since little is known 
about the specificity of the enzymes, and in the 
living organism they may well have no connexion 
with substrates which have been used for their 
study in vitro. 
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Further kinetic studies on glycosulphatase 
depend on the preparation of pure potassium 
glucose 6-sulphate since the presence of impurities in 
the compound prepared by the usual means is a 
complicating factor. It is possible that other con- 
clusions regarding the properties of the 6-sulphate 
might need modification in view of these more recent 
findings. Thus Soda (1933) observed that the 
velocity of the mutarotation of salts of the 6- 
sulphate was unusual and not that of a first order 
change, the initial rapid mutarotation not being 
maintained. Various conclusions as to the structure 
of glucose 6-sulphate were made from these experi- 
ments although the unusual curves were probably 
due to the presence in his preparations of sub- 
stantial amounts of a second glucose monosulphate. 

Attempts have been made to purify glucose 6- 
sulphate by preferential hydrolysis of the impurity 
with hydrazine followed by recovery of the un- 
hydrolysed 6-sulphate. A number of different 
methods of recovering the unhydrolysed glucose 
6-sulphate were tried, but the final product was 
always heavily contaminated with hydrazine and 
the contamination persisted even after repeated 
purification by precipitation from aqueous solution 
by ethanol. The unsuitability of potassium glucose 
3-sulphate as a glycosulphatase substrate when 
using the benzidine method is disappointing since 
the manner of preparation ensures a pure product of 
known structure. The compound may be of use as 
a substrate with other methods of estimating 
enzyme activity since it is readily hydrolysed by the 
enzyme. However, glucose 3-sulphate is appreci- 
ably less stable than the 6-sulphate even when 
stored at 0°. The preparation of pure glucose 6- 
sulphate by other methods is being studied in this 
laboratory while in the meantime the purification of 
glycosulphatase is being followed using the impure 
6-sulphate as enzyme substrate. 


SUMMARY 


1. Glycosulphatase has been shown to be present 
in appreciable amounts in the visceral hump of the 
large periwinkle, Littorina littorea. 
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2. A stable acetone-dried concentrate of the 
enzyme has been made. Alkyl-, aryl- and chondro- 
sulphatases and £-glucuronidase are also present in 
the concentrate. 

3. The findings of Egami (1942) as to the impure 
nature of potassium glucose 6-sulphate prepared by 
direct sulphation of glucose and used as a substrate 
for the study of glycosulphatase have been con- 
firmed and extended. 

4. Potassium glucose 3-sulphate is readily 
hydrolysed by glycosulphatase, but is unstable 
under the conditions necessary for determining 
sulphate by the benzidine method. 


We are grateful to the Medical Research Council and to 
Imperial Chemical Industries Ltd., for apparatus loans. We 
would also like to record our appreciation of the encourage- 
ment given by Dr John Pryde. 
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Adenosinetriphosphatase and Hexokinase in the Epithelium of the 
Small Intestine in Normal and Adrenalectomized Rats 


By E. LUTHY anv F. VERZAR 
Physiological Laboratory, University of Basel, Switzerland 


(Received 15 July 1953) 


The so-called selective absorption of certain hexoses 
has been explained as a phosphorylation which 
increases the diffusion gradient, followed by a de- 
phosphorylation inside the cell (Verzar & McDougall, 
1936). This theory was supported by the results 
of later studies which showed that the intestinal 
mucosa is the organ richest in alkaline phosphatase. 
Histochemical investigations have shown that 
alkaline phosphatase is present in a very high con- 
centration in the striated border, where it can be 
demonstrated after only 1 or 2 sec. of incubation 
with B-glycerophosphate. The alkaline phosphatase 
which lies under the striated border, inside the 
cells, is seen histologically only after a somewhat 
longer incubation (Verzar, Sailer & Richterich, 
1952). The selective absorption of glucose is 
diminished after adrenalectomy, and it was shown 
that at the same time the alkaline phosphatase 
activity also decreases considerably (Verzér & 
Sailer, 1952). These observations supported the 
view based at one time mainly on experiments with 
inhibitors, that selective absorption of glucose is 
connected with alkaline phosphatase activity. 

Hele (1950) showed that the intestinal mucosa 
contains hexokinase, which transfers phosphoric 
acid from adenosine triphosphoric acid (ATP) to 
glucose and other sugars, in proportion to the 
velocity of their absorption. If this is the mech- 
anism, then the alkaline phosphatase may be pre- 
sumed to act by facilitating the dephosphorylation 
of the hexose phosphoric acid. 

It is, however, difficult to understand why the 
alkaline phosphatase should occur in the highest 
concentration in the striated border if it is only 
involved in the breakdown of the phosphorylated 
sugar. One possibility is suggested by the observa- 
tion first indicated by Roche, Laromiguiére & 
Laurens (1943), and studied by Meyerhof & Green 
(1949a-c), that under certain conditions the alkaline 
phosphatase may act by transferring phosphate 
groups from energy-rich phosphorus compounds, 
such as creatine phosphoric acid, to a substrate such 
as glucose or glycerol. If conditions were suitable 
for such an activity in the intestinal mucosa, the 
same enzyme would phosphorylate and dephos- 
phorylate the substrate. Such conditions are, 
however, not proven for the intestinal mucosa. 





Hele also showed that the mucosa contains an 
active ATPase. We have already studied the 
changes in alkaline phosphatase activity after 
adrenalectomy (Verzér & Sailer, 1952) and now 
describe the changes in ATPase and hexokinase 
activity which follow after adrenalectomy. 


EXPERIMENTAL 


White rats of our own laboratory stock were used. They 
were kept on the usual stock diet and fasted for 18 hr. 
before the experiment. Adrenalectomy was carried out 
through the lumbar region, and the insufficiency assessed by 
daily measurement of the body weight: in Fig. 1 ‘+’ 
signifies that only the body weight decreased, ‘ + +’ that 
besides this decrease the animals were very quiet, and 
‘+++’ that they were unable to climb on to an almost 
vertical fence. The animals were killed by pithing and were 
immediately bled. The upper part of the small intestine was 
quickly removed and a portion 20 cm. long (measured from 
the pylorus) was cut open, washed with ice-cold water, laid 
on a glass plate, and the mucosa carefully scraped off with a 
slide. This material was mixed with 3 ml. of ice-cold distilled 
water in a glass homogenizer and ground for 2-5 min. 

ATPase activity was estimated according to Hele (1953) 
using a veronal:acetate buffer of pH 7-8 (0-05M), con- 
taining 0-01M-MgCl, and 0-:015m ATP. To 1 ml. of this 
solution 0-5 ml. dispersion was added and kept at 30° for 
10 min., or in other experiments at 20° for 20 min. The 
mixture was then deproteinized with 5ml. 5% tri- 
chloroacetic acid and diluted with 10 ml. distilled water. 
Phosphoric acid was estimated according to Lohmann & 
Jendrassik (1926). 

ATP was prepared from rabbit muscle as described by 
LePage (1949). The Ba salt was converted into the Na salt. 

Hexokinase activity was estimated by the method of 
Hele (1953). The following solution was used: veronal 
acetate buffer 0-05m, pH 7-8, MgCl, 0-0lm, ATP 0-025m, 
NaF 0-06 and glucose 0-0055m (100mg./100ml.). To 1 ml. 
of this solution 0-5 ml. dispersion was added and kept at 
30° for 10 min. It was then deproteinized with ZnSO, and 
NaOH and glucose estimated by the Hagedorn-Jensen 
method. 

RESULTS 


Decrease of adenosinetriphosphatase uctivity 
after adrenalectomy 


ATPase activity was estimated in the intestinal 
mucosa of twenty normal and twenty-three adrenal- 
ectomized animals. Thé latter were used between 
the 6th and 10th day after adrenalectomy. 
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Summarizing all results on normal and adrenal- 
ectomized animals, the mean values in yg. P after 
10 min. incubation were 660+ 18-9 in normal rats 
and 438 + 18-0 in adrenalectomized rats; P<0-01. 
In Fig. 1 all values are plotted in groups according 
to the degree of insufficiency. It is obvious that 
ATPase activity decreases after adrenalectomy the 
more so the greater the degree of insufficiency. 
In Fig. 1 we have not included five normal 
and five adrenalectomized animals which were 
all tested on the same day and gave such low 
ATPase activity that we had to assume a technical 
error. 


Restoration of adenosinetriphosphatase activity 
by treatment with corticosteroids 


Thirteen adrenalectomized animals which showed 
distinct signs of insufficiency were treated from 
the 8th day onwards with daily intramuscular in- 
jections of 1-5mg. deoxycorticosterone acetate 
(DCA) and 0-5 mg. cortisone acetate dissolved in 
arachis oil. The grade of insufficiency was judged by 
the fall of body weight, which decreased before the 
treatment and increased again after. The results are 
shown in Table 1. The first two animals (nos. 57 and 
58) were killed 12 hr. after the injection of corti- 
coids. The ATPase activity was found to be equal to 
that of unoperated animals. The other animals were 
injected once daily for either 1, 2, 3 or 4 days and 
killed 24 hr. after the last injection. If only one 
injection was given, at least in two cases, ATPase 
was not restored after 24 hr. If, however, the treat- 
ment lasted several days, the restoration was usually 
complete. 
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Fig. 1. Decrease of ATPase activity in the intestinal mucosa 
after adrenalectomy. Crosses indicate the degree of 
insufficiency in adrenalectomized animals; mean values 
are indicated by horizontal lines. 


Table 1. Restoration of AT Pase activity of intestinal mucosa in adrenalectomized rats 
by daily injections of 1-5 mg. DCA and 0-5 mg. cortisone 





Time 
interval 
between last Inorganic phosphate in 
Body weight (g.) Days after injection and incubation mixture (yg. P) 
Experi- § ————————_~————— adrenalectomy determination , A - 
mental Before on which of ATPase After 
animal adrenal- Before After injections activity 10 min. 

(no.) ectomy treatment treatment were made (hr.) Initial incubation Difference 
57 126 117 120 8 12 91 736 645 
58 113 109 111 8 12 88 809 721 
59 148 146 151 8 24 100 720 620 
60 136 134 140 8 24 100 737 637 
50 118 111 111 9 24 61 478 417 
55 96 87 89 9 24 113 657 544 
51 103 98 105 8 and 9 24 82 833 751 
52 149 134 141 8 and 9 24 93 695 602 
56 78 73 83 9 and 10 24 93 734 641 
61 89 87 106 8 and 9 24 90 630 540 
62 97 98 113 8 and 9 24 90 650 560 
54 146 113 144 8, 9 and 10 24 79 752 673 
53 130 112 120 7, 8, 9 and 10 24 80 708 628 
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We have also examined whether it is possible to 
restore the decreased ATPase activity of adrenal- 
ectomized animals by addition of deoxycortico- 
sterone to the tissue dispersion in vitro. Tissues from 
twelve normal and eleven adrenalectomized animals 
were compared. Deoxycorticosterone was added in 
an ethanolic solution, 10 mg./100 ml. 0-5 % ethanol. 
Controls were made each time with the ethanolic 
solvent alone. Table 2 gives the results which show 
that ATPase activity was not restored in vitro by 
the corticoid. 


Some characteristics of the intestinal 
adenosinetriphosphatase and alkaline phosphatase 


Fig. 2 shows the ATPase activity at 20 and 30°. 
The curves are based on the mean values from seven 
normal and eight adrenalectomized animals. The 
ATPase activity is very high. The difference between 
normal and adrenalectomized animals is obvious. 

Fig. 3 illustrates the influence of pH on ATPase 
and on alkaline phosphatase activity. Each curve 
represents mean values from three experiments on 
different intestinal mucosa dispersions. ATPase has 
a pH optimum at 8-95 and alkaline phosphatase is 
equally active at pH’s 9 and 9-4. This is in agree- 
ment with the findings of Thoai, Roche & Bernhard 
(1950). 

We compared the inhibitory action of sodium 
fluoride on ATPase and alkaline phosphatase. To 
0-5 ml. dispersion of intestinal mucosa, 1 ml. of 
buffer solution and sufficient ATP or B-glycero- 
phosphate was added so that the solution contained 
1-2 mg. P. This mixture was incubated for 10 min. 
at 30°. Under these conditions ATPase (twenty 
experiments) produced without sodium fluoride 
596 + 18 wg. P, and in the presence of 0-06M sodium 
fluoride 384 + 20 ug. P as inorganic phosphate; the 
difference is 212+9yg. P. Under the same condi- 
tions, in fifteen experiments, alkaline phosphatase 
produced without sodium fluoride 476+ 29yug. P 
and in the presence of 0-06M sodium fluoride 
490+ 30yg. P in the form of phosphate; the 
difference is 14+ 6 yg. P. This difference in activity 
between ATPase and alkaline phosphatase has a 
P value of <0-01. It is obvious that sodium fluoride 
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Table 2. Effect of deoxycorticosterone (DC) on the ATPase activity of dispersions 
of intestinal mucosa in vitro 
The amount of added DC was 10 mg./100 ml. 
Mean values (yg. P) 


After 10 min. 





fae ee 
After 10 min. 


Number incubation in the incubation 
Rats of rats Initial absence of DC with DC & P 
Normal 12 94-0+4-6 691-04 36-1 679-0+ 30-9 0-252 0-8 <0-9 { 
Adrenalectomized 1l 770+5-0 477-0+35-7 475:0+ 35-5 0-039 0-9<1-0 j 


* Student’s ¢ test. 


inhibited the ATPase and not the alkaline phos- 
phatase. This is in agreement with the work of 
Roche et al. (1943). 
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Fig. 2. ATPase activity in intestinal mucosa from normal 
and adrenalectomized rats, at 30° and at 20°. @—@®, 
normal animals; @- - -@, adrenalectomized animals. 
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Fig. 3. Influence of pH on ATPase and alkaline phos- 
phatase activity in the intestinal mucosa. @—®, 
ATPase; @---@, alkaline phosphatase. Each curve 
represents mean values of three experiments. 
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The difference in the pH optimum and the 
different sensitivity towards sodium fluoride 
strengthen the view that the ATPase and the 
alkaline phosphatase activities of the intestinal 
mucosa are due to different enzymes. 

The reaction rates of alkaline phosphatase and of 
ATPase under the conditions used in our assays are 
directly proportional to the enzyme concentrations. 
This is shown in Fig. 4. The dispersion of intestinal 
mucosa of normal rats was used in quantities from 
0-1 to 0-5 ml. and always brought up to 0-5 ml. with 
distilled water. To one series ATP and to the other 
sodium f-glycerophosphate was added in such 
quantities that after complete splitting 1-2 mg. P 
would be liberated. Alkaline phosphatase splits 
B-glycerophosphate completely; ATPase splits 
from ATP one molecule of phosphoric acid. The 
mucosa of four animals was assayed. In each case 
the activity was proportional to the concentration 
of enzyme. The values in Fig. 4 are means from four 
experiments. 


Hexokinase activity in the intestinal mucosa 
from adrenalectomized rats 


The results of hexokinase activity measurements 
are summarized in Table 3. The table shows that 
there is no difference in hexokinase activity 
between twenty-one normal and_ twenty-five 
adrenalectomized animals. One or more adrenal- 
ectomized animals were always compared on the 
same day with one or more normal animals. 

We tried to relate the hexokinase activity to the 
grade of insufficiency caused by adrenalectomy. The 
mean value for the deerease of glucose in normal rats 
was 28-2+ 1-4mg. in 10 min. at 30°; after adrenal- 
ectomy, in eleven animals with insufficiency graded 

, 26-9 + 0-9 mg.; in ten animals with insufficiency 
graded ++, 27-°0+1-6mg.; in four animals with 
insufficiency graded +++, 246+1-5mg. The 
differences are small and not significant. 

Hexokinase activity was largely dependent on 
the concentration of ATP, as shown by Fig. 5. 
From Fig. 5 it is obvious that only with 15 and 
28mg. ATP was it possible to show hexokinase 
activity over a period of 10 or 15 min., respectively. 
Inhibition of ATPase with sodium fluoride furthers 
hexokinase reaction as Long (1952) and Hele (1950) 
have found. Sodium fluoride inhibits ATPase, and 
ATP is then available for the hexokinase reaction. 
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We have confirmed this. Hexokinase activity of 
normal intestinal mucosa dispersion gave in five 
experiments, without sodium fluoride, a mean value 
of 16-1+0-94 mg. glucose disappearing and with 
sodium fluoride 25-6 + 0-97 mg. glucose disappearing 
(P<0-01). 
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Fig. 4. Activity of alkaline phosphatase (O---O) and 
ATPase (O—O) in dispersions of intestinal mucosa from 
normal rats; phosphate liberated in 10 min. at 30°, by 
different quantities of dispersion from the mucosa. 


-" = = 
8 8 3 8 


© 
Oo 


Glucose content (mg./100 ml.) 





i 5 10 15 


Incubation (min.) 

Fig. 5. Hexokinase activity in the intestinal mucosa in 
relation to ATP concentration. To 0-5 ml. intestinal 
mucosa dispersion 1 ml. buffered solution was added 
containing the following quantities of ATP, 5 mg. (A), 
10 mg. (B), 15 mg. (C), and 28 mg. (D), respectively. 


Table 3. The hexokinase activity of intestinal mucosa from normal and adrenalectomized rats 


Disappearance of glucose in a system containing 0-5 ml. dispersion of intestinal mucosa, ATP and NaF, after 10 min. 


incubation at 30°. Number of animals in brackets. 


Glucose content (mg./100 ml.) 
A 





Rats Initial After incubation Difference t P 
Normal (21) 109-54 1-5 81-3416 28-2+41-4 — — 
Adrenalectomized (25) 110-4+1-0 84-7+1-2 26-7 +0-7 0-94 0-3 < 0-4 
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DISCUSSION 


It was found that ATPase activity decreases after 
adrenalectomy similarly to alkaline phosphatase. 
Both enzymic activities can be restored by treat- 
ment of the animals with corticosteroids, within 
a short time. We were, however, unable to find 
a difference in hexokinase activity between normal 
and adrenalectomized animals. 

Intestinal ATPase is obviously a_ different 
enzyme from the alkaline phosphatase. The two 
enzymes have a different pH optimum and behave 
differently towards fluoride. In spite of the decrease 
of ATPase activity caused by adrenalectomy, there 
was no change in the hexokinase activity, as might 
have been supposed on the basis of the observation 
that ATPase inhibition by fluoride increases the 
hexokinase reaction (Hele, 1950; Long, 1952) in the 
intestinal mucosa. 


SUMMARY 


1. The adenosinetriphosphatase (ATPase) ac- 
tivity of the intestinal mucosa of rats decreased 
considerably after adrenalectomy, roughly in pro- 
portion to the degree of insufficiency. 

2. Injections of corticosteroids into adrenal- 
ectomized rats restored the ATPase activity. It 
was, however, impossible to restore the ATPase 
activity in vitro by the addition of deoxycorti- 
costerone to the dispersion of the intestinal mucosa. 
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3. The hexokinase activity of the intestinal 
mucosa did not decrease after adrenalectomy. 

4. Hexokinase activity in dispersions of in- 
testinal mucosa was dependent on ATP concentra- 
tion. 


We wish to thank Miss M. P. Hele for information con- 
cerning her methods. The work was carried out with the 
financial help of the Swiss National Fund. A preliminary 
account of this work was communicated to the Swiss 
Endocrinological Society on 30 May 1953. 
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The Oligosaccharides Produced by the Action of 
Yeast Invertase Preparations on Sucrose 


By J. S. D. BACON 
Department of Biochemistry, The University of Sheffield 


(Received 20 November 1953) 


Yeast invertase, which was first prepared from the 
yeast cell by Berthelot (1860), has been investigated 
extensively since that time, both because of its use 
in industrial processes and because it provided 
a simple model for the investigation of enzyme 
kinetics. Its action was regarded as bringing about 
the hydrolysis of sucrose and other substances 
having an unsubstituted £-p-fructofuranose residue. 

However, in 1950 it was discovered independently 
by Blanchard & Albon (1950) and Bacon & Edelman 
(1950) that carbohydrates other than sucrose, 
glucose and fructose could be detected while sucrose 
was being attacked by various preparations of the 


enzyme. 


By the use of chromatography on cellulose 
powder and on charcoal, we have isolated one 
disaccharide and three trisaccharides from the 
reaction mixture in amounts sufficient to determine 
their general composition, and to measure their 
specific rotations. In addition, evidence has been 
obtained for the presence of two other disaccharides 
with similar properties and composition. These six 
substances are the major additional products of the 
action of yeast invertase on sucrose. The account of 
their properties given here, taken with the results of 
a number of other investigations (Fischer, Kohtés 
& Fellig, 1951; White & Secor, 1952; White, 1952; 
Albon, Bell, Blanchard, Gross & Rundell, 1953; 
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Whelan & Jones, 1953; Edelman, 1954; Gross, 
1954; Gross, Blanchard & Bell, 1954) confirms and 
extends the original observations, and lends support 
to the hypothesis that yeast invertase is essentially 
a transfructosidase, its hydrolytic action being only 
one aspect of its transferring activity. 


A preliminary account of part of this work was com- 
municated to the Biochemical Society in London in 
October 1951 (Bacon, 1952). 


EXPERIMENTAL 
Materials 


Yeast invertase. Two partially purified commercial pre- 
parations were used, viz. ‘B.D.H. Invertase Concentrate’ 
(British Drug Houses Ltd.) a colourless aqueous solution 
made from baker’s yeast and, as The Distillers Co. Ltd. 
kindly informed us, preserved by the addition of about 50% 
(w/v) glycerol, and ‘Wallerstein Blue Label Invertase 
Scales’ (Wallerstein Laboratories, 180, Madison Avenue, 
New York) a solid preparation stated to be free from meli- 
biase activity. In addition, a few preparations were made in 
the laboratory from pressed baker’s yeast, and are described 
below. 

Sugars. The absence of other carbohydrates from the 
sugar samples used was checked by paper chromatography. 

Partly inverted sucrose solutions. For the isolation of the 
various products 20-50% (w/v) sucrose solutions were 
subjected to the action of an enzyme preparation at room 
temperature in the presence of sodium acetate: acetic acid 
buffer, pH 5-0, the course of the reaction being followed at 
frequent intervals on chromatograms pretreated with 
HgCl, solution (Bealing & Bacon, 1953). A time was 
selected at which the amount of sucrose remaining was 
comparable to the amounts of oligosaccharides formed; 
a reaction mixture containing 100-200 g. sucrose was then 
taken to this stage (usually 15-180 min. incubation) and the 
reaction stopped by raising the temperature to boiling point. 
Before fractionation of the oligosaccharides the mono- 
saccharide was usually removed by the method of Whistler 
& Durso (1950) (see also below), samples of the partly in- 
verted solution being put on a charcoal:Celite column, 
washed well with water, and the oligosaccharides then 
eluted with 25% (v/v) ethanol. In a typical experiment 
10 ml. of 41 % (w/v) sucrose after inversion yielded 1-1 g. of 
mixed oligosaccharides, including sucrose, i.e. about 75% 
of the sucrose had been converted into monosaccharide. 


Methods of analysis 


Most of the methods employed have been described in 
detail elsewhere (see Bealing & Bacon, 1953). We have re- 
investigated the question of the relative reducing powers of 
glucose and fructose under the conditions of the method of 
Miller & Van Slyke (1936), and find the two sugars in- 
distinguishable in this respect (cf. Bacon & Bell, 1948; 
Bacon & Edelman, 1951). Accordingly no corrections have 
been made when the reducing power of a mixture of glucose 
and fructose has been measured, as was the usual practice, 
against a fructose standard. 

Chromatography on cellulose powder. The procedure was 
based on that of Hough, Jones & Wadman (1949). What- 
man’s Cellulose Powder (Ashless Powder for Chromato- 
graphy (Standard Grade): W. R. Balston & Co. Ltd.) was 
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packed dry into a glass tube of 29 mm. internal diameter, 
the lower end of the column being supported by a pad of 
absorbent cotton wool resting on a perforated stainless steel 
plate. Redistilled n-butanol was shaken vigorously with 
0-25 vol. of water and allowed to stand until the butanol 
layer had cleared. Droplets of the aqueous phase still 
remaining (cf. Lester Smith, 1952) were removed by filtering 
through a large sintered glass filter (porosity 3), or alter- 
natively 0-1 vol. of dry butanol was added to the butanol 
layer to render it homogeneous (R. Dedonder, personal 
communication). The solvent was run through the column, 
the first 0-5-1-0 1. of effluent being discarded. The mixture of 
sugars was applied to the top.of the column as a weighed 
syrup and fractions of 2-25 ml. were collected, either by a 
drop-counting fraction collector (Technicon Chromato- 
graphy Corporation, 215, East 149th Street, New York), or 
the same apparatus modified for collection at predetermined 
time intervals by the use of a short-interval process timer 
(Sangamo-Weston Ltd., Enfield, Middlesex). Selected 
fractions (2-20 ml.) were shaken with sufficient water to 
form an aqueous layer of 0-1-0-2 ml., which was then tested 
for carbohydrate by placing a drop on filter paper and spray- 
ing it with one of the reagents used for paper chromato- 
grams of sugars. According to the intensity of colour pro- 
duced, one or more 5 pl. spots of each fraction were applied to 
a paper chromatogram and run to determine the composition 
of the fraction. On the basis of the chromatographic evi- 
dence, groups of fractions were bulked and taken to dryness 
in vacuo with a bath temperature of not more than 50°, and 
in the presence of barium carbonate. 

The effluents from these columns of ‘ Ashless Powder’, as 
from columns of powder made from ‘Ashless Tablets’ 
(Hough et al. 1949), contained small amounts of degraded 
cellulose. This was removed by subjecting each homo- 
geneous preparation from a cellulose column to chromato- 
graphy on charcoal: Celite, as described below. 

Chromatography on charcoal: Celite mixtures. The pro- 
cedure of Whistler & Durso (1950) has been modified (as 
already described by Bacon & Bell, 1953) by the application 
of the ‘gradient elution’ technique (cf. Alm, Williams & 
Tiselius, 1952). The original procedure (of elution by step- 
wise increase in ethanol concentration) was employed in the 
early stages of the work described here, but the existence of 
some components of the oligosaccharide mixture, and the 
possibility of preparing others by this method, did not 
become apparent until a continuously increasing ethanol 
concentration was used to elute the oligosaccharides from 
the column. When samples of successive fractions obtained 
by this procedure are chromatographed side by side on large 
sheets of paper a comprehensive picture is obtained of the 
composition of the oligosaccharide mixture; such a chro- 
matogram is shown diagrammatically in Fig. 1 (cf. Partridge, 
1949). 

Two preparations of activated charcoal were used with 
Celite no. 535 (Johns-Manville Co. Ltd., London, S.W. 1), 
B.D.H. Activated Charcoal (British Drug Houses Ltd.), 
and Active Carbon no. 130 (Sutcliffe, Speakman and Co. 
Ltd., Leigh, Lancs.). At first the latter appeared preferable 
because it gave a neutral effluent, while that from the 
B.D.H. charcoal was acid, but later experience showed that 
the B.D.H. product had a higher resolving power for the 
disaccharide mixtures encountered here. Fractions were 
therefore collected from B.D.H. charcoal on to solid barium 
carbonate and the homogeneous products of these fraction- 
ations subjected to gradient elution from Active Carbon 
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Fig. 1. Diagram showing emergence of oligosaccharides 
subjected to gradient elution on a mixture of B.D.H. 
Activated Charcoal and Celite no. 535. Details are given 
in the text. The size of the rectangles is not intended to 
indicate the amounts of the substances, only their distri- 
bution in the effluent. 


no. 130 in order to free them from any soluble barium salts. 
Neither type of charcoal gave with Celite no. 535 an effluent 
altogether free from dissolved matter; this material was 
relatively insoluble after a fraction had been taken to dry- 
ness so that repeated evaporation and extraction served to 
remove at least some of thisimpurity. Further details of the 
procedure, as applied to the yeast-invertase oligosaccharides, 
are given below. 


RESULTS 


The preliminary results on which this work is based 
have been published by Bacon & Edelman (1950). 
Some of their findings are repeated in the following 
account, which confirms all the statements then 
made, except that referring to raffinose (see below). 


General characteristics of the action of yeast 
invertase preparations on sucrose 


When a yeast-invertase preparation acts upon 
sucrose solution, and the course of the action is 
followed by paper chromatography, a number of 
carbohydrates other than sucrose, glucose and 
fructose are seen to be present, as long as some 
sucrose remains in the reaction mixture. The general 
term ‘oligosaccharide’ will be used to describe these 
additional substances. Details of experiments 
illustrating this phenomenon have been given by 
Blanchard & Albon (1950), Bacon & Edelman 
(1950), White & Secor (1952), and White (1952). The 
R, values for the oligosaccharides with various 
solvent mixtures, obtained by these and other 
workers, have been tabulated by White (1952). 

Enzyme preparations. In the present work, the 
oligosaccharides were formed by all the enzyme 
preparations examined, viz. five batches of B.D.H. 
‘Invertase Concentrate’, one sample of Wallerstein 
‘Blue Label’ Invertase Scales, autolysates of baker’s 
yeast made with toluene, yeast cytolysed with ether 
(Neuberg & Lustig, 1942), and a sample of yeast 
crushed by the method of Hughes (1951), kindly 
provided by Dr P. M. Nossal. The B.D.H. prepara- 
tion has been used for the experiments described 
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below, unless otherwise stated. This preparation 
had no action on maltose, methyl «-glucoside, or 
a«’-trehalose. 

Conditions influencing oligosaccharide formation. 
Oligosaccharide formation was detected under all 
conditions tested which permitted enzyme action on 
sucrose. The invertase preparation was tested on 
concentrations of sucrose ranging from 1 to 60% 
(w/v), and over the pH range 3-9, with citrate, 
acetate, phosphate, and veronal buffers. Oligo- 
saccharide formation was seen whether the samples 
were inactivated by boiling, or by the use of HgCl,. 

Number of oligosaccharides. Bacon & Edelman 
(1950) noted the presence of three oligosaccharides, 
which they named I, IT and IIT in order of decreasing 
R, value (in butanol:acetic acid: water mixture 
(Partridge, 1948), hereafter referred to as butanol: 
acetic). This nomenclature has been accepted by 
White & Secor (1952) who described in addition IV, 
having an R, less than that of III, and V, which was 
detected by the presence of reducing power in the 
leading edge of the sucrose spot. We have confirmed 
their observations, and in addition have found that 
IT consists of at least two components (see below). 
Bacon & Edelman (1950) also described a further 
spot detectable on chromatograms run in phenol: 
water. Closer investigation has shown that this 
occurs only when the ‘Invertase Concentrate’ is 
used without dialysis, and probably depends upon 
the presence of glycerol for its formation (see below). 
Trace amounts of other carbohydrates have been 
seen when fractions from chromatographic pro- 
cedures have been concentrated to small bulk (see 
components ITI and V, below). 

Separation of the oligosaccharides. Partition 
chromatography on cellulose powder leads to the 
elution of oligosaccharides in the same order as 
their migration on paper, i.e. (sucrose + V), I, II, 
III, IV. It was found necessary to remove the 
monosaccharide from the reaction products before 
attempting separation on cellulose; even after this 
treatment only about 300mg. of mixed oligo- 
saccharides could be separated successfully on a 
column of 100 g. cellulose powder. Consequently, 
very sma!] amounts of homogeneous fractions were 
obtained in primary separations by this method. 

Gradient elution from charcoal:Celite produces 
a different order of emergence and enables V to be 
distinguished from sucrose, and II to be seen as 
consisting of two components (IT, and II,), the order 
being V, I, sucrose, III, (I1,+IV), Il,. It also 
enables larger quantities of sugars to be separated, 
a column of 40g. charcoal: 40 g. Celite tolerating 
2-3 g. of mixed oligosaccharide. This procedure 
proved capable of achieving separation of all but 
II,, free from other components and in reasonable 
yield, the fractionation “being carried out in the 
following way. 
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A sample of inverted sucrose solution freed from mono- 
saccharide as described above (‘Materials’), and containing 
2-3 g. of mixed oligosaccharides was run on a column 
(29 x 400 mm.) containing a mixture of B.D.H. Activated 
Charcoal (50 g.) and Celite no. 535 (50 g.), with 1 1. water in 
the lower reservoir and 50% (v/v) ethanol in the upper (see 
Bacon & Bell, 1953). Fractions (about 4 ml. each) were 
collected at 5 min. intervals and examined by paper 
chromatography; Fig. 1 shows diagrammatically the 
results of such a separation. (When used under the same 
conditions Active Carbon no. 130 gave the same qualitative 
results, but the separation of the disaccharides V, I, and 
sucrose was not as satisfactory.) 

The fraction II, was already homogeneous, but all other 
components were still contaminated to some extent. Fraction 
A (Fig. 1) when re-run under the same conditions yielded 
25-30 ml. of effluent containing almost pure component V; 
the fraction of effluent immediately following this when 
re-run twice, each time rejecting the early (V-contaminated) 
and late (sucrose-contaminated) fractions, yielded pure 
component I. Fraction B (Fig. 1) re-run once yielded 
practically pure component III, and showed evidence of a 
minor component with R, value close to component IIT but 
emerging later. Fraction C(Fig. 1), run on a cellulose column, 
yielded pure component IT,. 

All these fractions were re-run on a 20 g.:20 g. column of 
Active Carbon no. 130 and Celite no. 535 before a final 
analysis. : 


Analysis of oligosaccharide fractions. By the 
application of these two methods small quantities of 
each oligosaccharide have been obtained and their 
properties and general composition determined 
(Table 1). The origin of all the fractions analysed 
(Table 1) is given briefly ; all fractions from cellulose 
columns, without exception, were run on Active 
Carbon no. 130 before analysis. 


Isolation and properties of oligosaccharides 

Component I. As White & Secor (1952) found, 
contrary to the statement of Fischer et al. (1951), 
this is a reducing substance (Table 1). It was 
separated by chromatography both on cellulose 
powder and on charcoal and was homogeneous when 
examined by electrophoresis on filter paper in the 
presence of borate buffer (D. Gross, personal com- 
munication). Its specific rotation was so low 
(about +5°) that no accurate reading could be 
obtained with the quantities available. On hydro- 
lysis it yielded equal amounts of fructose and 
glucose. Its reducing power by the ferricyanide: 
cerium method of Miller & Van Slyke (1936) was 
about 60 % of the reducing power of the hydrolysis 
products (cf. White & Secor, 1952). The following 
method was used to show that this sugar is a 
fructosyl glucose (cf. Whelan & Jones, 1953). 


A small sample (6-5 mg.) was oxidized with hypoiodite by 
the procedure of Moore & Link (1940): to the material 
dissolved in 1 drop of water and 0-5 ml. of methanol was 
added 0-7 ml. of 7-5% (w/v) I, in methanol, and then 
0-65 ml. of 4% (w/v) KOH in methanol drop by drop over 
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15 min. at 40-45°. After standing 30 min. at 40° it was 
treated with a further 0-5 ml. of KOH solution over 15 min. 
Under these conditions 10 mg. of glucose or 20 mg. of 
maltose were found to be completely oxidized as judged by 
paper chromatography. After such treatment component I 
no longer gave a brown colour with the benzidine: trichloro- 
acetic acid spray (Bacon & Edelman, 1951), but instead the 
yellow colour typical of fructose. On hydrolysis with dilute 
oxalic acid it now yielded no glucose; its ketose content was 
95% of that before oxidation. 

Component II,. The samples of component ‘IT’ 
obtained from chromatography on cellulose powder 
had to be fractionated on charcoal following the 
discovery that this component was not homo- 
geneous. As expected, two components were 
revealed, the first to emerge being named IT,. Only 
very small quantities (approx. 10 mg.) of the sub- 
stance obtained by this method were available for 
analysis, but a larger quantity was later isolated 
from fraction C (Fig. 1) by chromatography on 
cellulose powder. The latter was homogeneous under 
the conditions of electrophoresis in borate buffer 
(Gross, 1954). 

Component IT, is non-reducing, and the analyses 
suggest that it is a trisaccharide consisting of one 
glucose and two fructose residues (Table 1). Its 
[«]p and R, value are very close to those of ‘«,’, the 
main trisaccharide produced from sucrose by mould 
invertase (Bacon & Bell, 1953). When run under 
identical conditions in the gradient elution pro- 
cedure the two substances require the same volume 
of effluent for their elution. They were indistinguish- 
able on electrophoresis (Gross, 1954).* 

Component II,. The analyses of this substance 
also suggest that it is a trisaccharide consisting of 
one glucose and two fructose residues (Table 1). It is 
non-reducing. It is distinguished from component 
III by its R, value in butanol:acetic, and from 
comporent II, by its [«]), which is +21—22°. It 
also differs from these two substances in giving 
a positive Raybin test. About 10 mg. dissolved in 
1 ml. of 0-:05n-NaOH and shaken with 2 mg. of 
diazouracil at 8° (cf. Raybin, 1933) gave a deep 
yellow-green colour, and after addition of mag- 
nesium chloride a blue precipitate. 

Component III. Fractions consisting mainly of 
this component were obtained by both chromato- 
graphic procedures, but all the samples analysed 
contained a trace of disaccharide. This component 
has the same R, as kestose (Albon et al. 1953), and 
the analyses of our fractions indicate the same 


* Drs S. A. Barker, E. J. Bourne & T. R. Carrington 
(personal communication) have examined the infrared 
spectrum (720-980 cm.—') of component IT,, and found it to 
be identical (except for a small, and probably insignificant, 
shoulder at 872 cm.—') with that given by the trisaccharide 
‘a,’, O-a-p-glucopyranosyl-(1—>2)-O-£-p-fructofuranosyl- 
(12)-£-p-fructofuranoside (cf. J. chem. Soc., 1954, in the 
Press). 
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hexose composition (2 fructose: 1 glucose) (Table 1). 
However, while the value of [a], + 28° found here 
for the sample from charcoal : Celite is in reasonable 
agreement with the value of + 27-3° given by them, 
that for the fraction from cellulose is higher, re- 
calling that given by Barker & Carrington (1953) 
for a similar, unidentified trisaccharide from the 
products of action of an extract of Aspergillus niger 
‘152’ on sucrose. 

Component IV. No attempt was made to isolate 
or characterize this material; it appeared to be 
heterogeneous. 

Component V. This fraction was isolated only by 
gradient elution from B.D.H. Activated Charcoal. 
It was readily distinguished from sucrose by its 
bright yellow colour with the benzidine:trichloro- 
acetic acid spray ; it could be recognized by this test 
when the products of a primary fractionation were 
examined. The purified fractions of component V 
showed some contamination with a substance of R, 
(butanol:acetic) intermediate between those of 
sucrose and glucose. Electrophoresis on paper in 
borate buffer showed that three substances were 
present (Gross, 1954); one was a minor component, 
but the other two were present in proportions of 
about 1:3, judged visually. After hydrolysis with 
dilute oxalic acid, or with yeast invertase, the only 
detectable sugar was fructose. The reducing power 
was 0-7 times that of the hydrolysis products, but it 
seems unlikely that the major components can be 
other than disaccharides, judging from their be- 
haviour on paper chromatograms, and on charcoal. 


The effect of dialysis 

Dialysis of the invertase concentrate in Visking 
synthetic cellulose casing (John Crampton and Co. 
Ltd., Wythenshawe, Manchester) in the presence 
of toluene against running tap water led to a 
variable loss of activity, which with some samples 
amounted to 90% or more. The dialysed solution 
lost activity further when stored in the refrigerator. 
For this reason in some experiments it was found 
more convenient to use the undialysed solution at 
a final dilution of 1: 1000 or 1: 2000, than to dialyse it. 

When the dialysed solution was further dialysed 
in the refrigerator against distilled water for 24 hr., 
a preparation was obtained that no longer gave any 
colour with the phosphate reagents of Fiske & 
Subbarow (1925). As mentioned by Bacon & 
Edelman (1950), this preparation still formed 
oligosaccharides from sucrose. Inspection of chro- 
matograms and preliminary quantitative studies 
indicated that the ratio of oligosaccharide formation 
to reducing sugar liberation was not changed by 
dialysis. 


Quantitative aspects of the action on sucrose 


The fact that two of the components (I and V) are 
disaccharides made it difficult to follow their forma- 


tion by the application of quantitative paper 
chromatography to the reaction mixtures. However, 
a study of the course of the reaction showed that 
component I appeared later than components II 
and ITI, so that in the early stages of the reaction the 
sum of components IT and III might be expected to 
give a fair estimate of oligosaccharide formation. 
(It is probable from its nature that component V 
also appears later in the reaction.) A preliminary 
investigation was therefore made of the formation of 
component II plus component III (measured as 
ketose) under various conditions. Those results 
which have a bearing on the mechanism of oligo- 
saccharide formation are given briefly here: 

Effect of substrate concentration. The undialysed 
invertase preparation, in a final dilution of 1: 1000, 
was allowed to act on 2, 10, 30 and 60% (w/v) 
sucrose in 0-01M sodium acetate buffer, pH 5-0, at 
20° for 10 min. Samples were analysed as described 
by Bealing & Bacon (1953). The results of this 
(Table 2) and similar experiments show that while 
the rate of liberation of reducing sugar is at a 
maximum between 5 and 10% (w/v) sucrose (ef. 
Nelson & Schubert, 1928), the rate of formation of 
(II1+II1) continues to increase up to 30% (w/v) 
sucrose. At low sucrose concentrations the rate of 
formation of oligosaccharides is near the limits of 
detection of the method, but the formation of the 
same oligosaccharides at 1% (w/v) sucrose was 
shown by concentrating the reaction mixture ten 
times before chromatography. 

Effect of overall rate of reaction. The same ratio of 
(fructose in II + ITT) : free fructose was found when 
ten parts of invertase were allowed to act on sucrose 
for 30 min. as when one part acted for 300 min., 
showing that the absolute rate of the reaction has no 
influence on the proportions of the products. 


Effect of substances other than sucrose 


Inorganic phosphate. The invertase concentrate 
(1: 1250) was allowed to act on 12-5 % (w/v) sucrose 
in 0-25m phosphate buffer, pH’s 6-8 and 7-2, for 
45 min. at 30°. The reaction was stopped by raising 
the temperature to boiling point; samples of the 
two mixtures were chromatographed with so- 
propanol:ammonia, and sprayed with the molyb- 
date reagent described by Hanes & Isherwood(1949). 


Table 2. Oligosaccharide formation at various 
concentrations of sucrose 
For details see text. Reducing sugar and ketose are 
expressed in terms of fructose. 
Concentration of sucrose 


(%» w/v) 
ee 
2 10 30 60 
Reducing sugar 749 10-92 8-21 5-64 
(mg./ml.) 
Ketose in components 0-11 1-15 2-03 1-44 


If and III (mg./ml.) 
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No spots other than those of inorganic phosphate 
could be seen. 

Glucose. When glucose was added to the reaction 
mixture in quantities equivalent to those that would 
be produced by hydrolysing half the sucrose present 
component I appeared at the beginning of the 
reaction (cf. Edelman, 1954). 

Fructose. The addition of fructose produced no 
qualitative effects detectable on paper chromato- 
grams (but see Edelman, 1954). 

Methyl «-glucoside. When methyl «-glucoside was 
added to the reaction mixture the phloroglucinol 
spray (Horrocks & Manning, 1949) showed that 
a ketose-containing substance was present in the 
glucose position of chromatograms run in butanol: 
acetic. 

Glycerol. With butanol:acetic as solvent no 
additional spots could be seen when 20% (v/v) 
glycerol] was added, but in phenol a fast-running 
spot (R, about 0-65) was seen. When reaction 
mixtures made with undialysed invertase were 
analysed by gradient elution on charcoal a substance 
with the R, of fructose in butanol:acetic emerged 
with component V. When run in phenol this mixture 
showed two spots with R, values of about 0-4 and 
0-5, corresponding to those seen with pure fractions 
of V, and a third spot with R, 0-65; on hydrolysis 
the mixture yielded only fructose and a spot reacting 
with the silver nitrate spray of Trevelyan, Procter & 
Harrison (1950), and having the same R, (butanol: 
acetic) as glycerol. It therefore seems probable that 
the ‘fast-running spot in phenol’ observed by 
Bacon & Edelman (1950) in incubations with un- 
dialysed invertase was a compound of fructose with 
glycerol. 

Alcohols. Bacon (1952) has described experiments 
in which various alcohols were added to the reaction 
mixture, and fructose-containing substances were 
detected. Spots additional to the oligosaccharides 
mentioned above were seen when 10, 20, or 30% 
(v/v) methanol or ethanol, 20% (v/v) -propanol, 
7-5 % n-butanol, and saturated (<5 %, v/v) benzyl 
alcohol were added at pH 5; with zsopropanol no 
additional spots were seen. Bealing (1953) has 
published a chromatogram showing some of these 
spots, which presumably correspond with the 
various alkyl f-fructofuranosides. Bacon (1952) 
has isolated the substance produced in the presence 
of methanol, and given evidence supporting the 
view that it is methyl B-fructofuranoside. Whelan & 
Jones (1953) have obtained confirmatory evidence 
for the action of a number of alcohols using this sub- 
stance as the substrate for yeast invertase. Oparin & 
Bardinskaya (1953) have studied the conditions 
influencing the formation of the ethyl fructoside. 

Dioxan. Addition of 25% (v/v) dioxan to the 
reaction mixture did not appear to retard the 
reaction, nor give rise to additional products. 
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Action of invertase on raffinose 


The commercial preparations used were both 
devoid of melibiase activity, the products of their 
action on raffinose being chiefly melibiose and 
fructose. In preliminary experiments no other 
substances were observed but in later experiments 
using 15 % (w/v) raffinose a ketose-containing spot 
with R, less than that of raffinose was seen, and also 
a trace of a substance in the sucrose position of the 
chromatogram (cf. Pazur, 1952; Bealing, 1953). The 
phenomenon was not investigated further. 


DISCUSSION 


The significance of the occurrence of the oligo- 
saccharides described above was first discussed by 
Fischer et al. (1951) who found that they were 
produced by a highly purified enzyme preparation. 
Blanchard & Albon (1950) had found the fructose: 
glucose ratio in one of the trisaccharides to be 2:1. 
Fischer et al. therefore suggested that yeast in- 
vertase (a B-fructofuranosidase) acted as a trans- 
glycosidase, proposing the following scheme: 


sucrose + enzyme —fructose-enzyme + glucose, 
fructose-enzyme +sucrose trisaccharide + enzyme, 
fructose-enzyme + water =—fructose + enzyme. 


Edelman & Bacon (1951) put forward a similar 
suggestion, viz. that a hydrolytic enzyme combines 
with its substrate, and that the enzyme-substrate 
complex may then react with water, or with some 
organic substance capable of acting as an acceptor 
for part of the substrate. The hypothesis of Fischer 
et al. would seem the more acceptable; each stage in 
the reaction requires only two reactants, and instead 
of the rather vague concept of an ‘enzyme-substrate 
complex’ it proposes an exchange reaction com- 
parable with that demonstrated by Hassid & 
Doudoroff (1950) for sucrose phosphorylase. Morton 
(1953) has recently made similar suggestions in 
connexion with the transferring action of alkaline 
phosphatase. 

The idea that transfructosidation is involved has 
been supported by the discovery that alkyl f- 
fructofuranosides are formed when primary alcohols 
are added to the reaction mixture (Bacon, 1952; 
Whelan & Jones, 1953. Whether the term ‘trans- 
fructosylation’ used by the latter authors is more 
correct than ‘transfructosidation’ cannot be 
decided with the evidence available; but see Kosh- 
land & Stein, 1953). More recently, Edelman (1954) 
has proved by the use of “C-labelled glucose and 
fructose that components I and V are formed, 
respectively, by transfer of fructose residues to 
these sugars. 

The possibility that ‘the formation of transfer 
products is not enzyme catalysed, but simply a 
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YEAST INVERTASE 


property of the ‘nascent’ glucose and fructose 
molecules liberated by hydrolysis is discounted by 
the following facts. 

(1) The earlier studies of yeast invertase (cf. 
Neuberg & Mandl, 1950) have established it as 
specific for unsubstituted 8-fructofuranosides and 
inactive towards a-glucosides other than sucrose and 
its derivatives. 

(2) All the oligosaccharides observed, with the 
exception of component I, have higher ratios of 
fructose: glucose than the original substrate. There 
are good grounds for believing that component I is 
produced by fructose transfer to free glucose 
(Edelman, 1954). 

(3) The oligosaccharide mixture produced by 
yeast invertase is qualitatively different from that 
produced by mould invertase (Bealing & Bacon, 
1953) though both enzymes are fructosidases. 

(4) The observations of White & Maher (1953a, b) 
show that there can also exist enzymes that produce 
oligosaccharides from sucrose by transglucosida- 
tion. 

The first two observations suggest that both the 
hydrolytic and transferring activities of yeast 
invertase preparations are confined to the fructose 
residue of sucrose; (3) shows that a different fructo- 
sidase gives rise to a qualitatively different mixture 
of oligosaccharides from sucrose ; and (4) shows that 
with other enzyme preparations the glucose residue 
of sucrose may be transferred instead of the fructose 
residue. It is conceivable that one, but only one, 
of the two transfructosidations mentioned could 
proceed independently of enzymic action; that this 
is not the case with yeast invertase is probably 
indicated by the fact that all the products are 
eventually hydrolysed by the enzyme, while only 
part of the products of chemical condensation, e.g. 
of treatment of fructose with methanolic hydrogen 
chloride, are hydrolysed (Schlubach & Rauchalles, 
1925). 

In view of the above considerations the simplest 
hypothesis covering the facts would seem to be that 
implied by Fischer e¢ al. and tentatively accepted 
by most others investigating the phenomenon, viz. 
that a single enzyme is responsible for both hydro- 
lytic and transferring activity. (The apparent con- 
tradiction of Aronoff’s (1951) results has been 
resolved by Aronoff & Bacon, 1952.) 

The testing of the specificity requirements of the 
transferring activity with respect to alcohols, free 
sugars, and sugar alcohols by Whelan & Jones (1953) 
has indicated that a primary alcoholic group is 
required. This rule evidently applies to the tri- 
saccharides formed by fructose transfer to sucrose; 
three are possible, and all have been found in the 
present investigation. One, component III, is 
known to be formed by fructose transfer to position 
6 of the fructose residue of sucrose. This is ‘kestose’ 
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(Albon e¢ al. 1953). Another, II,, has properties 
similar to that of the mould trisaccharide ‘«,’ 
(Bacon & Bell, 1953), which is formed by fructose 
transfer to position 1 of the fructose residue. 
Component IT, has been shown by Gross, Blanchard 
& Bell (1954) to be the trisaccharide formed by 
fructose transfer to C-6 of the glucose residue; this 
explains why it gives a Raybin reaction (Raybin, 
1933, 1937), while the other two, having a sub- 
stituent in the fructose residue, do not (see also Levi 
& Purves, 1949). 

The disaccharide I is presumably the same as that 
isolated by Whelan & Jones (1953) from the products 
of action of yeast invertase on a mixture of methyl 
B-fructofuranoside and glucose, and characterized 
by them as 6-0-8-p-fructofuranosyl-pD-glucose. It 
would seem likely that the major constituents of 
component V are both fructosylfructoses, but the 
analytical data are not sufficient to confirm this. 
These could be the two disaccharides capable of 
being formed by transfer to a primary alcoholic 
group in fructose, viz. 1-O-8-p-fructofuranosyl-p- 
fructose, and 6-0 -f8-p-fructofuranosy] -D - fructo- 
furanose. The fact that it may be formed by 
transfer to the more abundant pyranose form of 
free fructose might favour the formation of the 
former, but on the other hand yeast invertase forms 
more component III than component IT, (Bacon & 
Edelman, 1950), i.e. more of the 6-substituted than 
1-substituted fructosylsucrose. We have examined 
a single sample of a (presumed) fructosylfructose 
produced by mould invertase; this had a more 
negative specific rotation ([«],—79°) than com- 
ponent V, but showed the same three substances as 
component V on electrophoresis (Gross, 1954). 
However, only one was present in large amounts; 
if this were the l-substituted fructosylfructose 
it would be consistent with the predominating 
transfer to C-1 by this enzyme, and also with the 
more negative optical rotation of fructopyranose 
as opposed to fructofuranose derivatives (cf. Bell, 
1953). The specific rotation given by Pazur & 
Gordon (1953) for this substance seems to rest on 
unsatisfactory experimental evidence, and also 
seems unlikely on general grounds. 

The discovery that mould invertase preparations 
have transfructosidase activity has led to a new 
evaluation of the significance of their inhibition by 
free sugars, especially by glucose. Bealing (1953) 
has concluded that this inhibition is due primarily 
to the glucose acting as an acceptor for fructose 
residues (cf. also Edelman & Bealing, 1953). 
Edelman (1954) has reported similar results with 
yeast invertase. The same considerations must 
evidently be applied to the reported inhibition of 
yeast invertase by ethanol (O’Sullivan & Tompson, 
1890), glycerol (Bourquelot, 1917), and methyl 
«-glucoside (cf. Nelson & Freeman, 1925). 





328 


The question of the classification of the various 
invertases must also be examined from a new point 
of view but this will have to await a more precise 
characterization of the products of their action on 
sucrose. Of particular interest in this connexion is 
the difference shown by Edelman (1954) between 
the products of fructose transfer from sucrose to 
free glucose; yeast invertase forms the reducing 
disaccharide I, while mould invertase forms 
sucrose. 





SUMMARY 


1. Partition chromatography on cellulose powder 
and gradient elution from columns of charcoal— 
Celite mixture have been applied to the products of 
action of yeast invertase on sucrose. 

2. Two disaccharide fractions (other than 
sucrose) and three trisaccharides have been iso- 
lated and their specific rotations and contents of 
glucose and fructose determined. 

3. The nature of these substances is considered 
in relation to those products of the action of yeast 
and mould invertases that have so far been charac- 
terized. 

4. Some quantitative aspects of the formation of 
the trisaccharides, and the qualitative effects of 
adding to the reaction mixture various substances 
of an alcoholic nature, are described. 

5. These findings are discussed in relation to the 
hypothesis that yeast invertase acts by transferring 
the fructose residue from sucrose either to water, or 
to substances possessing a primary alcoholic group. 


Part of this work was done with the technical assistance, 
at different times, of Miss B. Dickinson and Mr R. Loxley. 
I wish to thank Prof. H. A. Krebs, F.R.S., for his help and 
encouragement during its progress. The development of the 
research owes much to the continual exchange of informa- 
tion with Mr P. H. Blanchard and Dr D. Gross, of the Tate 
and Lyle Research Laboratory, Dr D. J. Bell, of the Bio- 
chemical Laboratory, University of Cambridge, and particu- 
larly with Dr J. Edelman, of the Research Institute of Plant 
Physiology, Imperial College, who carried out the pre- 
liminary experiments while working in this laboratory. 


REFERENCES 


Albon, N., Bell, D. J., Blanchard, P. H., Gross, D. & 
Rundell, J. T. (1953). J. chem. Soc. p. 24. 

Alm, R. 8., Williams, R. J. P. & Tiselius, A. (1952). Acta 
chem. scand. 6, 826. 

Aronoff, 8. (1951). Arch. Biochem. Biophys. 34, 484. 

Aronoff, 8S. & Bacon, J. S. D. (1952). Arch. Biochem. 
Biophys. 41, 476. 

Bacon, J. 8. D. (1952). Biochem. J. 50, xviii. 

Bacon, J. 8. D. & Bell, D. J. (1948). Biochem. J. 42, 397. 

Bacon, J. 8. D. & Bell, D. J. (1953). J. chem. Soc. p. 2528. 

Bacon, J.S. D. & Edelman, J. (1950). Arch. Biochem. 28, 467. 

Bacon, J. S. D. & Edelman, J. (1951). Biochem. J. 48, 114. 

Barker, 8S. A. & Carrington, T. R. (1953). J. chem. Soc. 

p- 3588. 


J. S. D. BACON 





1954 


Bealing, F. J. (1953). Biochem. J. 55, 93. 

Bealing, F. J. & Bacon, J. 8. D. (1953). Biochem. J. 53, 277. 

Bell, D. J. (1953). J. chem. Soc. p. 1231. 

Berthelot, M. (1860). C.R. Acad. Sci., Paris, 50, 980. 

Blanchard, P. H. & Albon, N.(1950). Arch. Biochem. 29, 220. 

Bourquelot, E. (1917). C.R. Acad. Sci., Paris, 165, 567. 

Edelman, J. (1954). Biochem. J. 57, 22. 

Edelman, J. & Bacon, J. S. D. (1951). Biochem. J. 49, 529. 

Edelman, J. & Bealing, F. J. (1953). Biochem. J. 58, ii. 

Fischer, E. H., Kohtés, L. & Fellig, J. (1951). Helv. chim. 
acta, 34, 1132. 

Fiske, C. H. & Subbarow, Y. (1925). J. biol. Chem. 66, 375. 

Gross, D. (1954). Nature, Lond., 173, 487. 

Gross, D., Blanchard, P. H. & Bell, D. J. (1954). J. chem. 
Soc. (in the Press). 

Hanes, C. S. & Isherwood, F. A. (1949). Nature, Lond., 164, 
1107. 

Hassid, W. Z. & Doudoroff, M. (1950). Advanc. Enzymol. 10, 
123. 

Horrocks, R. H. & Manning, G. B. (1949). Lancet, 1, 1042. 

Hough, L., Jones, J. K. N. & Wadman, W. H. (1949). 
J. chem. Soc. p. 2511. 

Hughes, D. E. (1951). Brit. J. exp. Path. 32, 97. 

Koshland, D. E. & Stein, S. S. (1953). Fed. Proc. 12, 233. 

Lester Smith, E. (1952). Biochem. J. 50, xxxvi. 

Levi, I. & Purves, C. B. (1949). Advanc. Carbohyd. Chem. 4, 
35. 

Miller, B. F. & Van Slyke, D. D. (1936). J. biol. Chem. 114, 
583. 

Moore, 8S. & Link, K. P. (1940). J. biol. Chem. 133, 293. 

Morton, R. K. (1953). Nature, Lond., 172, 65. 

Nelson; J. M. & Freeman, B. (1925). J. biol. Chem. 63, 365. 

Nelson, J. M. & Schubert, M. P. (1928). J. Amer. chem. Soc. 
50, 2188. 

Neuberg, C. & Lustig, H. (1942). J. Amer. chem. Soc. 64, 
2722. 

Neuberg, C. & Mandl, I. (1950). In The Enzymes, vol. 1, 
part 1, p. 542. Ed. by Sumner, J. B. & Myrbaick, K. New 
York: Academic Press. 

Oparin, A. I. & Bardinskaya, M. S. (1953). C.R. Acad. Sci. 
U.R.S.S. 89, 531. 

O’Sullivan, C. & Tompson, F. W. (1890). J. chem. Soc. 57, 
834. 

Partridge, S. M. (1948). Biochem. J. 42, 238. 

Partridge, S. M. (1949). Biochem. J. 44, 521. 

Pazur, J. H. (1952). J. biol. Chem. 199, 217. 

Pazur, J. H. & Gordon, A. L. (1953). J. Amer. chem. Soc. 75, 
3458. 

Raybin, H. W. (1933). J. Amer. chem. Soc. 55, 2603. 

Raybin, H. W. (1937). J. Amer. chem. Soc. 59, 1402. 

Schlubach, H. H. & Rauchalles, G. (1925). Ber. dtsch. chem. 
ges. 58, 1842. 

Trevelyan, W. E., Procter, D. P. & Harrison, J. S. (1950). 
Nature, Lond., 166, 444. 

Whelan, W. J. & Jones, D. M. (1953). Biochem. J. 54, xxxiv. 

Whistler, R. L. & Durso, D. F. (1950). J. Amer. chem. Soc. 
72, 677. 

White, J. W. (1952). Arch. Biochem. Biophys. 39, 238. 

White, J. W. & Maher, J. (1953a). Arch. Biochem. Biophys. 
42, 360. 

White, J. W. & Maher, J. (19536). J. Amer. chem. Soc. 75, 
1259. 

White, L. M. & Secor, G. E. (I952). Arch. Biochem. Biophys. 
36, 490. 





. 








Vol. 57 


329 


The Effect of Temperature on the Content and Turnover of 
Sodium and Potassium in Rabbit Nerve 


By H. McLENNAN{ anv E. J. HARRISt{ 
Department of Biophysics, University College, London 


(Received 5 October 1953) 


The maintenance of a high potassium and a low 
sodium concentration is a feature of many cells. As 
tracer studies have shown that this is not the result 
of an impermeability to these ions, it follows that 
a continuous expenditure of energy is required to 
potentiate the flux of one or other, if not both, 
species of ions. It is now well known that inter- 
ference with metabolism by such means as temper- 
ature reduction (Aebi, 1953), poisons (Hodgkin & 
Keynes, 1953), or in oxidative systems by anoxia 
(Whittam & Davies, 1953), brings about changes in 
the rates of turnover of the alkali ions, and therefore 
in the amounts of them present in the tissue. 

This study is concerned with the effect of tem- 
perature on the Na and K of rabbit nerve, the 
behaviour of which proves to be qualitatively similar 
to that of other mammalian tissues. 


EXPERIMENTAL 


Materials 


Pieces of the cervical vagus nerve of the rabbit, weighing 
about 5 mg. (about 2 cm. in length), were used. The radio- 
active alkali salts were obtained as bicarbonates from the 
Atomic Energy Research Establishment, Harwell. These 
were treated with sufficient HCl to convert the K salt into 
chloride and the Na salt into a mixture of 25 % bicarbonate 
and 75% chloride. 
Methods 


The pieces of nerve were provided with cotton loops at 
their ends so that they could be fitted when desired between 
two pegs in a flat plastic base which could then be slid 
beneath an end-window Geiger tube (General Electric type 
GM-4). In order to follow the uptake of Na or K from 
solutions containing a proportion of the respective radio- 
active ion, the tissue was immersed in about 50 ml. of one of 
the following media: for 0°, HCO, 100, Cl 41-6; for 18°, 
HCO, 40, Cl 101-6; for 37°, HCO, 30, Cl 111-6; plus in each 
case Na 142, K 3-6, Ca 1, Mg 0-5, SO, 0-5, phosphate 3, 
glucose 10, all in m-mol./litre. The solutions were stirred by 
the introduction of O, with 5% CO,. The pH of each mixture 
was near 7-4. Media containing radioactive ions had an 
activity at the start of an experiment of approximately 
5yc/ml. 
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At intervals during their exposure to the radioactive 
media the nerves were removed and washed for exactly 
2 min. in about 10 ml. of a non-radioactive solution of 
similar composition. Following this wash they were fitted 
on the plastic bases and the radioactivity measured for two 
periods each of 1 min. The counts, except at the very 
beginning of the experiment, were some thousands per 
minute. Following the assay of radioactivity the specimens 
were returned to the labelled soaking solutions. 

In order to follow the loss of radioactivity from specimens 
previously treated in a radioactive solution it was only 
necessary to use a large volume (relative to the volume of 
tissue, i.e. 30 ml.) of non-radioactive solution and measure 
the residual activity in the tissue at intervals; no wash was 
given. 

At the end of either uptake or loss experiments the 
specimen was washed for exactly 2 min. in about 10 ml. of 
fresh isotonic (0-32m) sucrose solution and then was 
dissolved in 0-1 ml. of nitric acid which had been distilled in 
silica vessels. A sample of the diluted solution of the nerve 
was taken for assay so that a direct comparison could be 
made of its activity with that of a dilution of the radioactive 
treatment solution. Then by proportion it was possible to 
estimate the quantity of radioactive Na or K derived from 
the original solution which was present in the nerve at the 
time it was dissolved. 

Radioactivity measurements were corrected for blank, 
decay, and resolution time. Analyses for Na and K were 
carried out on the digestion residues from the nitric acid 
solutions by dissolving them in water and using a flame 
photometer. The flame photometer was of our own con- 
struction, but was similar in principle to that described by 
Domingo & Klyne (1949). Its limit of sensitivity was about 
0-03 pequiv./ml. of either Na or K. 


RESULTS 
Sodium and potassium contents of nerve 


Table 1 shows the results of analyses of nerves taken 
from a given rabbit, and analysed either directly or 
after storage. After storage at 0° both the total base 
content and the fraction of this made up by K are 
reduced as compared with the quantities found 
either directly or after storage at 18° or 37°, al- 
though even at the higher temperatures the K 
content of the tissue is reduced by storage below 
that found in freshly excised tissue. There does not 
appear to be any difference between the two higher 
temperatures in these respects. Keeping the nerve 
at 0° brings about more loss of K than gain of Na; 
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Table 1. The effect of temperature on the Na and K contents of rabbit nerve 





Na and K values in pequiv./g. fresh tissue. All nerves rinsed 2 min. in isotonic sucrose. The horizontal lines show 
analyses for samples from individual rabbits. 





































0° 18° 37° 
Fresh eee OC OOOO OO arrears 
a ——— Hours Hours Hours 
Na K Na K stored Na K stored Na K stored 
—_ — 64 15 4 61-5 27°5 5 _ _— — 
a — 78 10 7 51 37 7 — — 
— _ — — 73 29 5 65 24 5 
— — = — — 62 25 7 47 25 6 
52-5 23-5 _ — — 51-5 26-5 6 49 16 6 
82-5 46-5 61 10 7 65 31 6 _ — 
(62 7 4 48 24 4 — — -— 
48 40 s\56 18 23 565 26-58 a mai ree 
70 35 70-5 15-5 5 _ — —_— 73-5 31-5 5 
46 35 67 ll 21 65 24 22 73 31 7 
52-5 50-5 78 10 4 70 29 4 58 36 4 
Av. 59 38-5 67 12 —_ 60 28 — 61 27 — j 
s.D. 14 10 8 4 _ 8-5 4 —_— 11-5 . —_ 
ao 40 Table 2. Movement of sodium in nerve 
> 
> Influx was measured directly from a plot similar to that 
4s of Fig. 1, by drawing a tangent to the curve at the 2 hr. 
£ 30 point. From the flux so obtained the first-order rate con- 
3 stant k, was calculated from the relation: flux =k, [Nag]. 
2 The rate constant k, governing efflux was obtained directly 
2 from a logarithmic plot similar to that of Fig. 2. 
€ 20 Influx 
2 0° 18° 
= a — 
g Observed flux Cale. k, Observed flux Cale. k, 
5 10 (wequiv./g./hr.) — (hr.~4) (wequiv./g./hr.)  (hr.~1) 
Z 6-3 0-045 8-5 0-060 
z 6-4 0-045 4-7 0-034 
g 5-9 0-042 4-6 0-034 
2 6 Av. 6-2 0-044 5-9 oo | 
. 1 2 3 Efflux 
Time (hr.) Observed k, Observed k, i 
; ‘ ave : (hr.~?) (hr.-1) ' 
Fig. 1. The time course of the uptake of Na into a rabbit : I 
: i : ; a 0-26 0-53 
nerve incubated at 18°, from a saline medium containing 0-41 0-92 
a proportion of ?4Na. The nerve was rinsed for 2 min. in 0-46 0-72 
a non-radioactive solution before counting in order to 0-29 0-77 
remove adhering drops of radioactive medium. 0-65 0-91 
0-15 0-44 
Av. 0-37 0-72 





thus at 18° the mean K content is 28 pequiv./g., and 
the mean Na content 60 pequiv./g. Cooling causes 
the K to fall to 12, but the Na only rises to 67. These 
changes are not associated with any large or con- 






Movement of sodium 






When the nerve is immersed in saline medium 





sistent weight alteration. 

The effect of the wash in sucrose solution, besides 
removing adhering drops of saline solution, is to 
remove one-third of the total Na of the tissue, and 
about 0-5 pequiv./g. of K. The loss of intracellular 
material, judged from the K analyses, is thus 
negligible, since this amount of K would be ex- 
pected to come from the extracellular phase. 


containing *4Na ions it takes up the radioactive 
material; the quantities found after successive 
times of soaking (all measured after a 2 min. wash) 
fall on a curve similar to that of Fig. 1. The quantity 
increases rapidly at first, and then more slowly. 
After 2 hr. the faster turnover processes seem to 
have become substantially complete: the rate of 
the residual slow process has been estimated by 
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drawing tangents to the curves at the 2 hr. point, 
and the results are set out in Table 2. The results are 
expressed both as the rate of Na entry (turnover) 
per g. of tissue and as the first-order rate constant 
obtained by dividing these figures by the external 
Na concentration (142 yequiv./ml.). In all the 
present experiments it has been assumed that it is 
permissible to apply first-order kinetics to the 
results. Strictly the rate of gain per unit volume of 
cell fluid, or better, per unit area of cell surface, 
should be computed, but in the absence of data to 
provide the requisite conversion factors it has been 
necessary to express the figures per g. of tissue. The 
rate constant referring to unit volume of cell water 
will be higher than the figure in Table 2 by the 
inverse of the proportion of cell water in the 
tissue. 

The values of the rate of Na uptake do not vary 
consistently with temperature, and the means of 
three paired experiments are nearly equal at the 
two temperatures (0° and 18°). 

When a nerve is kept 7 hr. or longer in *4Na- 
labelled saline, the content of *4Na corresponds to 
complete equilibration of the Na of the tissue with 
that in the solution. Thus there is no suggestion of 
there being inexchangeable Na. 

The time course of the loss of activity to a non- 
radioactive solution from a nerve previously treated 
for 4 hr. with a solution containing *4Na is illustrated 
in Fig. 2. The logarithmic plot can be analysed into 
three parts in the case of an 18° experiment. The 
respective rate constants applying to these are: 
> 10, 1-88 and 0-86 hr.-! It must be stressed that 
such complex behaviour admits of a number of 
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Fig. 2. The time course of the loss of Na from nerves at 18° 
(O—O) and 37° (@—@). The nerves had been pre- 
viously incubated in radioactive medium until a steady 
level of tissue radioactivity corresponding to complete 
exchange of the tissue Na with the **Na of the medium 
had been attained. 
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interpretations, which are considered in the dis- 
cussion. The fraction with the intermediate time 
constant cannot be distinguished at 37°, perhaps 
because its rate is less temperature dependent than 
is the rate of the slow process. The results given in 
Table 2 (second part) are for the rate constant 
applying to the movement of the slow fraction, and 
these are found from the slope of the logarithmic 
plots. By extrapolation of the lines relating to exit 
of the slow fraction back to t=0 it is possible to 
estimate the quantity of Na so moving: this came 
to 7-5 pequiv./g. (mean of 4). This figure is close 
to the one obtained by balancing inflow against 
outflow at 18°. We have: slowly moving Na 
inflow = 5-9 pequiv./g./hr., outward rate constant 
0-72 hr.-1, therefore slowly exchangeable Na = 5-9/ 
0-72 = 8-2 pequiv./g. 

At 0° the analyses show that the tissue gains Na, 
and as the mass does not change appreciably, it is 
unlikely that it is due to changes in the extracellular 
fluid proportion. Experimentally it is found that 
the outward rate constant at 0° is only 0-37 hr.-, 
while the inflow is about the same as at 18°. Thus the 
slowly moving Na content will come up to a level 
of 15-2 pequiv./g. (= 8-2 x 0-72/0-37) to regain the 
steady state. Since this level is 7 pequiv./g. above 
the 18° value, it would be expected that cooled 
specimens after some hours storage would contain 
this additional amount of Na, which is in agreement 
with the results in Table 1. 


Movement of potassium 


Measurements of K uptake and loss were made by 
methods similar to those used in the Na experi- 
ments. Table 3 (first part) summarizes the results 
obtained for the K inflow into unit mass of nerve at 
0° and 18°, and it will be seen that temperature has 
a large effect. The rate constants were found as 
before by division of the K inflow by the external K 
concentration (3-6 wequiv./ml.), again assuming the 
applicability of first-order kinetics to this system. 
Again the rates refer to a time 2hr. after the 
beginning of the experiment. The uptake of K is 
more linear with respect to time than is Na uptake, 
so that the selection of the 2 hr. point does not 
imply that other more or less mobile fractions are 
ignored. 

When the rate constants governing the outflow of 
labelled K are measured the unusual result is found 
that at 0° the rate constant is about twice that 
holding at 18° (Fig. 3 and Table 3, second part). At 
18°, if one equates the known rate of uptake to the 
rate of loss, according to the steady state which the 
analyses in Table 1 indicate pertains at this temper- 
ature, then the content of exchangeable K per g. 
of tissue can be calculated, for the rate constant 
governing the efflux is known. That is, influx 
(2-8 pequiv./g./hr.) =efflux (0-31 hr.-! x content of 
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exchangeable K). This content comes to 9-1 pequiv./ 
g., and is much less than the K content indicated by 
analysis (28 pequiv./g.). Since the K found in the 
analyses includes about 1 pequiv./g. of extracellular 
K, taking the space as 50% by volume, the pro- 
portion of exchangeable K in the cellular fraction is 
only 9-1/27=34%. The corresponding ratio for 
total K is 36%. This result, which resembles those 
found both for mammalian sympathetic ganglia 


Table 3. Movement of potassium in nerve 


Influx was determined by drawing a tangent to the up- 
take curve at the 2 hr. point, and from this the rate con- 
stant k, from the relation: flux =k, [K,]. The rate constant 
governing efflux was determined directly from logarithmic 
plots of the type shown in Fig. 3. 


Influx 
0° 18° 
; c — oe 
Observed flux Cale. k, 
(uequiv./g./hr.)  (hr.—) 
0-56 
0-62 
0-81 
1-17 
0-75 
0-78 


c = 
Observed flux Calc. k, 
(uwequiv./g./hr.)  (hr.-) 
0-08 
0-28 
0-12 
0-20 
0-14 
0-17 


to tom ty by by 
ocosanwpeonwo 


Av. 0-6 
Observed k, 
(hr.-1) 
0-34 
0-28 
0-31 


Observed k, 
(hr.-) 
0-72 
0-61 

Av. 0-67 


=a 
o 


° 
uw 


Radioactivity in tissue, as K (wequiv./g.) 


Time (hr.) 

Fig. 3. The time course of the loss of K from nerves at 0° 
(@—@) and 18° (O—O). The nerves had been pre- 
viously incubated in a radioactive medium in order to 
introduce a proportion of *?K into the cells. 
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(Harris & McLennan, 1953) and for frog muscle 
(Harris, 1953), was confirmed by another method. 
Nerves were kept at 18° in the radioactive solution 
for 24 hr., and it was then confirmed that no further 
increase in labelled K content was in progress; at 
this point the ratio of labelled K derived from the 
solution to total K in the tissue was 36 %. That an 
important net loss of K was not in progress was 
shown by the fact that the K content found an- 
alytically in these stored nerves was as high as in 
specimens stored for a much shorter time (Table 1). 

At 0° K uptake drops to 0-6 pequiv./g./hr., and 
from this and the observed rate constant governing 
K effiux it is found that the content of exchangeable 
K at 0° in the steady state will be 0-9 pequiv./g., 
which is small compared with the K content of 
nerve equilibrated at this temperature (12 wequiv./ 
g.). This small amount of K moving with a high-rate 
constant would be expected to be present also at 18°, 
which does in fact seem to be the case. If a nerve is 
soaked long enough at 0° it would be expected from 
these figures that only the 0-9 pequiv./g. plus the 
K in the extracellular space (about 1 pequiv./g.) 
would become labelled, making the degree of 
exchange 16%. In each of three runs lasting 24 hr. 
the degree of exchange reached was found to be 
12 %, in fair agreement with expectation. 

The respective changes in total and exchangeable 
internal K brought about by cooling to 0° can now 
be evaluated. Total K falls from 28 to 12 pequiv./g., 
exchangeable K from 9-1 to 0-9 pequiv./g., so that 
cooling in fact causes a release of 7-8 wequiv./g. of 
the K which is inexchangeable at 18°, together with 
a loss of 8-2 pequiv./g. of the exchangeable fraction. 
The rate constant determining the loss of the latter 
fraction was evaluated in a separate experiment in 
the following way. A nerve was soaked at 18° to 
constant radioactive K content, corresponding to 
36% turnover. It was then cooled to 0° in a 
medium of the same specific activity. In this way 
any loss of activity from the tissue represents a net 
loss of K from the exchangeable fraction. The 
quantities *K (<=0)—*K (where *K is the tissue 
radioactivity) were plotted on a logarithmic scale 
against time on a linear scale, and from the slope the 
rate constant for this process was found to be 
0-19 hr.-!. This rate constant must be carefully 
distinguished from the one applying to the turnover 
of the small quantity of exchangeable K which 
remains eventually; and, it is worth repeating, 
represents a lower ratio of labelled K to total K than 
had been attained before changing over to the 
solution at 0°. In an experiment in which a nerve 
was first equilibrated with labelled K at 18° and 
then put in a non-active solution at 0° one would see 
a composite process made up of a rapid turnover of 
the 0-9 pequiv./g. and slower net loss of 8-2 pequiv./ 
g. of the labelled K. The rate constant governing the 
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net loss of the inexchangeable part (7-8 pequiv./g.) 
has to be determined from analyses made. after 
various times of soaking at 0°. It is not experiment- 
ally distinguishable from the constant applying to 
the net loss of the exchangeable K, so that both 
these fractions are lost with a rate constant of 
0-19 hr.-1 

That the failure of much of the nerve K to 
exchange with labelled K in the solution is not due to 
a contaminant in the radioactive K preparation is 
shown by the following facts. The decay period of 
the radioactivity was correct, and the use of a strong 
solution of the K (as isotonic K phosphate, pH 7-4) 
did bring about complete turnover within | hr. at 
both 0 and 18°, even when this treatment was 
applied to the nerve after it had been 24 hr. in a 
saline medium. Once the K had been mobilized by 
the application of phosphate it did not appear to 
become bound again when the nerve was replaced in 
a saline solution. 


DISCUSSION 


The most outstanding result found in this investiga- 
tion is the fact that reduction of the temperature 
from 18 to 0° greatly diminishes the rates of move- 
ment of both K (4-5-fold) and Na (2-fold) ions 
against the respective concentration gradients, and 
in addition it brings about the liberation of much K 
which at 18° does not turnover with the K in the 
external solution. Owing to our ignorance of the 
internal-external potential difference in these 
myelinated nerves, it is not possible to decide how 
much of the exchangeable K may be held in the 
electrical asymmetry, but it seems likely that a 
large proportion is so held if one may draw con- 
clusions from non-myelinated nerve or muscle. Two 
fundamental points governing the ionic distribution 
in the rabbit nerve therefore are: (a) there is an 
extrusion of Na against gradients of electrical 
potential and concentration, and (b) much of the K 
is inaccessible to K ions derived from the external 
solution. Despite the binding or imprisonment of 
some of the K, the actual content of base in the 
nerve is low, so that even when 50 % is allowed for 
the extracellular space (Manery & Hastings, 1939) 
and 15 % by weight is deducted for the protein and 
lipids present (estimated by analogy with other 
nervous tissue) the total base, i.e. Na+ K, concen- 
tration in the cell water only comes to 100 pequiv./ 
g. This is very different from the sympathetic 
ganglia recently studied, in which the total base 
concentration could reach as much as 300 pequiv./g. 
cell water. 

The measured rate of movement of the ions might 
conceivably be determined by the presence of the 
epineurium. Recently, Shanes & Berman (1953) 
have found that the rates of movement of certain 
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substances from the intact frog sciatic nerve are the 
same as from the lumen of the epineurium. How- 
ever, the epineurium, if acting purely as a resistive 
sheath without electrical or chemical asymmetry, 
would not be capable of retaining a solution with 
sufficiently high K and low Na to account for the 
results obtained here. The pronounced effect of 
temperature on the K influx and Na efflux also is 
indicative of a chemical process being involved in 
the movement of these ions. One is led therefore to 
two alternative proposals: either (a) the epineurium 
is not a purely passive membrane, which is contrary 
to most evidence, or (b) some nerve fibres participate 
in the ionic movements, in which case the observed 
rates of movement will depend to some extent on 
the presence or absence of the epineurium and on the 
tightness of packing of the fibres as well as on the 
penetration into the fibres themselves. 

It seems from the present experiments that the 
exchangeable K is situated in a compartment in 
which are found a constant total number of alkali 
ions, since cooling leads to a roughly equivalent loss 
of exchangeable K to gain of Na. On the other hand, 
the release of inexchangeable K does not require an 
equivalent net gain of Na, so that this K may be 
associated with some negatively charged group 
which is also lost at the low temperature. It is not 
considered that at 0° the rate constant governing the 
efflux of all of the exchangeable K is increased ; but 
that, a large proportion of this K being lost, a small 
amount in some more accessible compartment 
remains, this small amount being present also but 
largely concealed at the higher temperature. 


SUMMARY 


1. The contents and rates of turnover of the 
sodium and potassium of rabbit nerve have been 
studied at different temperatures. 

2. The sodium content rises on storage at 0°, 
whereas at 18° or 37° the values are similar to those 
found in fresh nerve. This rise is associated with a 
decreased rate of efflux of sodium. 

3. The sodium of the tissue can be equilibrated 
with labelled sodium, whereas the nerve potassium 
will only reach a total turnover of 36% at 18° in 
saline solutions. Complete turnover can be ob- 
tained by the use of isotonic potassium phosphate 
solutions. 

4. The rate of entry of potassium is diminished 
by cooling to 0°, whereas the rate of efflux is 
accelerated. There is thus a considerable net loss of 
potassium. Half of this net loss is from the fraction 
which will turnover at 18°, and half from the 
fraction which does not. 


This investigation was supported by a grant from the 
Government Grants Committee of the Royal Society. 
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The Amino Acid Composition of some Insect Viruses 
and their Characteristic Inclusion-body Proteins* 


By EUNICE F. WELLINGTON 
Laboratory of Insect Pathology, Sault Ste. Marie, Ontario, Canada 


(Received 16 November 1953) 


The majority of known insect virus diseases are 
characterized by the production of immense 
numbers of inclusion bodies. These are of two main 
types: polyhedra, each of which contains large 
numbers of virus particles, and oval ‘capsules’, 
each of which contains a single virus particle. These 
inclusions vary in size and shape with the virus and 
host insect (Bergold, 1953). After dissolving them 
in very weak alkali, about 1-5-5 % of the weight is 
recoverable as infectious virus. The remainder con- 
sists principally of protein which is homogeneous 
in the ultracentrifuge, and is of molecular weight 
varying from 275000 to 375000, depending on the 
host (Bergold, 1947). 

There have been few previous analyses of the 
amino acids of insect viruses or their inclusion-body 
proteins. Desnuelle, Chang & Fromageot (1943), 
and Desnuelle & Chang (1943, 1945) reported a 
partial quantitative analysis of what was thought to 
be the virus of Bombyx mori L. (silkworm), but 
which later proved to be the non-infectious poly- 
hedral protein of this virus (Bergold, 1953). More 
recently, Yoshitake, Aruga & Suzuki (1950) made 
a qualitative analysis of the Bombyx polyhedra, and 
Wellington (1951) made a qualitative comparison of 
the amino acids of both Bombyx and Cacoecia 
murinana Hb. viruses and their respective inclusion- 
body proteins. In addition, a comparative quanti- 
tative study of the proteins of the silkworm virus, 
its membranes, and its polyhedra has just been 
concluded (Bergold & Wellington, 1954). 

The quantitative paper chromatographic method 
(Wellington, 1952, 1953) used in this last study is 
sufficiently sensitive and accurate to permit analysis 
of minute amounts of virus material for comparison 
of the results with those of other workers who have 

* Contribution No. 119, Division of Forest Biology, 
Science Service, Department of Agriculture, Ottawa, 
Canada. 


analysed the viruses for other constituents. For 
example, Wyatt (1952) studied the deoxypentose 
nucleic acids (DNA) of a number of insect viruses 
and, although he found no general parallelism 
between DNA composition and biological relation- 
ship, he did find a discontinuous distribution of 
molar ratios of adenine plus thymine: guanine plus 
cytosine among the viruses. It seemed worth while 
to determine whether variations in amino acid 
composition would bear any relationship to this 
distribution. It was also of interest to know 
whether insect viruses would exhibit variations in 
amino acid composition similar to those reported by 
Knight (1947) for different strains of tobacco mosaic 
virus. Qualitative work such as that reported 
earlier (Wellington, 1951) has never shown any 
such differences. 

In addition to clarifying such relationships, it was 
hoped that quantitative analyses might also show 
both the relationship of the virus to its specific in- 
clusion protein, and the interrelation of the various 
inclusion-body proteins. 


MATERIALS AND METHODS 


Preparation of the viruses. Viruses were isolated from 
purified inclusion bodies by dissolving these in very weak 
Na,CO, followed by centrifuging, as described by Bergold 
(1947, 1953). 

No attempt was made to isolate the protein fractions of the 
viruses for two reasons, firstly because the amount of 
material available was so small, and secondly because Wyatt 
(personal communication) had not succeeded in separating 
the nucleic acid fraction of Porthetria dispar (L.) virus from 
the protein except by partial hydrolysis of the protein. 
Therefore it was assumed that the protein-nucleic acid 
linkage was of a similar firm type for all the insect viruses. 
In addition the virus preparations all contained virus 
membranes of the type recently described for the virus of 
Bombyz mori (L.) by Bergold & Wellington (1954). 
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60 to 100 mg. of inclusion bodies yielding 1-5-3-0 mg. 
virus were used for each analysis. For hydrolysis, each virus 
preparation was sedimented and dried (3 days in vacuo over 
P,O,;) in a 6 x 50 mm. glass culture tube. 

Preparation of inclusion-body proteins. The inclusion-body 
proteins were recovered from the alkaline solutions by 
precipitation at the isoelectric point (approximately 
pH 5-5-5-7) with dilute acetic acid, followed by repeated 
washing with distilled water, or by dialysis against distilled 
water for one week at 4°. For hydrolysis, approximately 
3 mg. of each preparation were dried for 3 days in vacuo 
over P,O,. 

Hydrolysis. Each sample was hydrolysed with 50 yl. 
constant-boiling HCl (twice distilled from glass) per mg. in 
a sealed glass tube for 16 hr. at 105-108°. 

Oxidation. The acid hydrolysate was split into two por- 
tions. To one was added 0-1 vol. 30% (w/v) H,O, and the 
mixture was thoroughly stirred and left at room temp. 
for 2 hr. 

Chromatography. Two-dimensional chromatograms were 
run by the ascending method on sheets of Whatman no. 1 
paper measuring 30 x 28 cm., to which 10 yl. portions of the 
acid hydrolysates, corresponding to 180-200yg. of the 
original sample, were directly applied. Analyses were 
carried through in triplicate and the results were averaged. 
Chromatograms of oxidized and unoxidized hydrolysates 
were run with different solvents, since, at the time this 
study was undertaken, no pair of solvents was known which 
satisfactorily separated all the amino acids on a single 
small two-dimensional chromatogram. 

The chromatograms of the oxidized samples were carried 
through the entire procedure exactly as previously described 
(Wellington, 1952). A mixture of abs. ethanol (60 vol), 
tert.-butanol (20 vol.), reagent NH, of sp.gr. 0-90 (5 vol.) 
and water (15 vol.) was used for the first run. Draper & 
Pollard’s (1949) modification of the phenol solvent of 
Consden, Gordon & Martin (1944) was used for the second 
Tun in an atmosphere containing cyanide and NH. This 
procedure separated all the amino acids except leucine, 
isoleucine and phenylalanine. Cysteine and/or cystine were 
determined from these papers as cysteic acid, and methio- 
nine as methionine sulphone. The degree of oxidation of 
tyrosine was not easily controlled, so that accurate deter- 
mination of this amino acid from the oxidized hydrolysate 
was difficult. 

In order to overcome this difficulty, and also to allow 
estimation of phenylalanine separately from leucine and 
isoleucine (which it overlaps with the solvent pairs used for 
the oxidized samples), chromatograms of unoxidized 
samples were run. For these, the solvents described by 
Redfield (1953) were used, modified by substitution of NH, 
for diethylamine, since an autoclave with an outside vent, 
suitable for removal of diethylamine, was not available. 
This gave excellent separation of tyrosine, phenylalanine 
and leucine plus isoleucine. If the quantities of amino acids 
on the paper were not too large, separation of leucine from 
isoleucine was also achieved. These chromatograms pro- 
vided an additional check on all the other amino acids 
except lysine and arginine, which are not separated by the 
modified solvent. 

The chromatograms were sprayed with 2% ninhydrin in 
absolute ethanol. Colour development proceeded under con- 
trolled conditions (20+1° and 38+2% relative humidity; 
Wellington, 1952). Control of humidity is especially im- 
portant since it has been shown (Wellington, 1953) that there 
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is only a very narrow range of relative humidity (35-40%) 
at 20° within which the maximum colour reaction of most 
amino acids with ninhydrin on paper can be expected, and 
that the colour intensity falls off rapidly on both sides of this 
maximum. Furthermore, it is important to hang the papers 
in a good draught after the final chromatographic run and 
before spraying with ninhydrin, so that the NH, is com- 
pletely removed: otherwise, variable results are obtained. 
24 hr. were allowed for this step. After colour development, 
elution and estimation of the amino acids were carried out as 
previously described (Wellington, 1953). 

A number of the amino acids gave a slightly higher colour 
yield after chromatography with the modified Redfield 
solvent than they did when phenol was the second solvent. 
Consequently, although the same standard curves could be 
used for valine, glutamic acid and serine separated by either 
method, new standard curves had to be prepared for the 
other amino acids. Once prepared, these were reproducible 
from day to day. 

Proline analyses. Proline analyses by the method used for 
the other amino acids are not very reliable. The method of 
Chinard (1952) applied to proline from chromatograms run 
with phenol:CN : NH; as the second solvent, and sprayed 
with ninhydrin, gives reproducible values only when based 
on a simultaneously run standard. This was done for all but 
the last few analyses. In these, it was found that results, 
reproducible from day to day, could be obtained after 
spraying with ninhydrin, by using the Chinard reaction on 
proline spots cut from chromatograms run in the modified 
Redfield solvent. 

Tryptophan analyses. Tryptophan was identified by the 
method of Gordon & Mitchell (1949). This technique is 
satisfactory for pure proteins, but, like all the other tests for 
tryptophan that were tried, it is of no use in the presence 
of deoxyribonucleic acid. Consequently the presence or 
absence of tryptophan was not determined in the virus 
samples. 


RESULTS 


The results of the analyses of a number of inclusion 
proteins are given in Table 1, as g. amino acid 
recovered/100 g. sample weight. The total recoveries 
calculated as residues would more nearly approach 
100 % if tryptophan analyses had been quantitative. 
Further, there was considerable residue in each 
hydrolysate. Whether this was from unhydrolys- 
able material or humin formed during hydrolysis 
is not clear since the inclusion-body proteins were 
not soluble in the constant-boiling HCl used for 
hydrolysis. 

The results for the analyses of the virus samples 
are given in Table 2. No attempt was made to 
compare the amino acids recovered on a basis of 
sample weight. It was thought more meaningful to 
express the values for each amino acid as a percent- 
age of the total amino acids recovered, especially 
since the amino acids recovered from the Porthetria 
dispar (L.) (Pd) virus accounted for so much less of 
the sample weight than those of the other viruses. 
Further, since the analyses were of the total virus 
and, except for the virus of Bombyx mori L. (Bm), 
no data are available on the percentage of virus 
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Table 1. Amino acid composition of inclusion-body proteins 


Estimated by paper chromatography of acid hydrolysates, and expressed as g. amino acid/100 g. material analysed. 
Tryptophan, also present in these proteins, was not estimated. 
Polyhedral type* Capsule 
A type* 
Cf Ma Md Cm 


2 3 





No. of hydrolysates 
analysed ... te 3 


Amino acid 


te 
> 


11-7+0-30 
12-9+0-33 
1-740:17 
6340-21 
10-140-41 
2840-17 
2-8+0-12 
5-2+0-21 
14-9+0-20 
5:4 
9-4+0-52 
7-2+0-38 
3-4+0-15 
6-0+0-09 
1-30-00 


0-35f  12-2+0-27 13-5 12-5+0-29 
0-30 12-2+0-33 12-4 . 12-7+0-30 
0-44 3-2+0-23 2-8 2: 2-8+0-18 
0-29 9-8+0-41 9-4 ; 10-5+0-25 
0-26 7-9+0-29 9-7 I 6-8+0-33 
3040-15 2-7 : 3340-09 
2-8+0-18 2-9 ° 2-9+0-05 
5-7+0-16 
13-30-20 
6-0 
6-9+0-20 
10-9+0-21 
3340-07 
3-8+0-14 
0-6 +0-08 
3-0+0-09 3-4+0-04 
105-0 104-5 
90-5 P 92-7 


Aspartic acid 1 
Glutamic acid 1 
Histidine 

Lysine 

Arginine 

Glycine 

Alanine 

Valine 6-0+0-24 7-2+0-04 6-9 
Leucine and/or isoleucine 13-0+0-46 12-3+0-38 14:3 
Proline 4-9 5-7 8-2 
Phenylalanine 7-5+0-66 7-9+0-20 7-0 
Tyrosine 10-0+0-23 9-4+0-27 
Serine 3-8+0-07 3-4+0-07 
Threonine 4-7+0-15 3-340-10 
Cysteine and/or cystine 1-1+0-00 1:3+0-07 
Methionine 1-7+0-18 3°5+0-12 

Total 104-8 105-1 
Total calculated as 91-2 91-2 
amino acid residues/ 
100 g. protein 


* Abbreviations for host insects: Pd, Porthetria dispar (L.), gypsy moth; Cf, Choristoneura fumiferana (Clem.), spruce 
budworm (this insect is the host of both polyhedral and capsule type viruses: the inclusion protein of the former and the 
virus of the latter were analysed); Ma, Malacosoma americanum (F.), eastern tent caterpillar; Md, Malacosoma disstria 
Hbn., forest tent caterpillar; Bm, Bombyx mori L., silkworm; Cpe, Colias philodice eurytheme Bdvl., alfalfa butterfly; Ns, 
Neodiprion sertifer (Geoffr.), pine sawfly; Cm, Cacoecia murinana Hb. 

+ Mean value and its standard error. 
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Table 2. Amino acid contents of insect viruses 
Expressed as percentage of total recovered amino acids. The presence or absence of tryptophan could not be established. 


Polyhedral type* Capsule type* 
A c Ao 


Md Bm Cpe Cm Cf 
No. of hydrolysates analysed ... 2 2 1 2 2 1 2 





Amino acid 
14-0 13-2 


— 
3 
es 
= 


Aspartic acid 

Glutamic acid 

Histidine 

Lysine 

Arginine 

Glycine 

Alanine 

Valine 

Leucine and/or isoleucine 

Proline ° 6-3 
Phenylalanine f 4-7 
Tyrosine 2: 4:8 
Serine 9- 10-5 
Threonine , 6-0 
Cysteine and/or cystine ng 0-8 
Methionine . 2-4 
g. Amino acid recovered/100 g. virus { 87-1 83-7 


* Abbreviations as in Table 1. 
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weight attributable to nucleic acid, there was no 
possibility of determining the percentage recovery 
of the amino acids with respect to virus protein. In 
addition, no correction was made for the glycine 
formed by hydrolysis of the nucleic acids. 

The different viruses and proteins are arranged in 
the tables in the order of Wyatt’s (1952) stepwise 
grouping based on the ratio of adenine plus thymine: 
guanine plus cytosine. Pd is alone in his first group, 
Cf (Choristoneura fumiferana) alone in the second, 
Ma (Malacosoma americanum), Md (Malacosoma 
disstria), Bm and Cpe (Colias philodice eurytheme) are 
in the fourth, Ns (Neodiprion sertifer) and Cm 
(Cacoecia murinana) in the fifth and the capsule type 
Cf in the sixth group. 

Purified virus material was not available for 
analyses of viruses of the polyhedral diseases of Cf 
or Ns. 


DISCUSSION 


Inclusion-body proteins. It is evident from Table 1 
that the proteins characteristic of insect virus 
inclusion bodies are very similar to one another in 
amino acid composition. Although many signifi- 
cant differences can be observed between them, 
these proteins seem to form a group with very 
similar properties. 

From analogy with the work on immune proteins 
by Smith & Greene (1947) it was not unexpected 
that the inclusion-body proteins of the polyhedral 
diseases of insects Pd, Cf, Ma, Md, Bm and Cpe in 
Table 1 should be similar, since the inclusion bodies 
are all of the polyhedral type, and are formed in the 
nuclei of most of the body tissues of the diseased 
insects. However, in the case of the diseases of Ns 
and Om, greater differences might be expected. For 
although the disease of Ns is characterized by poly- 
hedral inclusion bodies appearing in the cell nuclei 
each containing many virus particles, these are 
restricted to the physiologically specialized cells of 
the gut wall. With that of Cm, the inclusion bodies 
are of very different shape, occlude only one virus 
particle each, and are found in the cytoplasm of the 
cells, yet the inclusion protein does not differ in 
composition from the others more than they differ 
among themselves. 

If all the values in Table 1 are assumed to have 
standard errors similar to those which could be 
calculated, and the significance of differences 
examined by the Student’s ¢ test, from one to six 
significant differences (P<0-01) can be found in 
comparing any two of these proteins. 

Viruses. The results in Table 2 show that the 
insect viruses of both polyhedral and capsule types 
are closely related with respect to the relative 
proportions of the various amino acids which they 
contain. However, assuming standard errors com- 
parable to those of the analyses of the inclusion- 
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body proteins, differences distinguishing one virus 
from another on the basis of their amino acid con- 
stituents do appear. These differences seem to 
follow the morphological classification (Bergold, 
1953) rather than the groupings based on the nucleic 
acid analyses. For example, although Wyatt (1952) 
found that the two capsule viruses differ in the 
composition of their nucleic acid, these two mor- 
phologically very similar viruses have very similar 
amino acid composition. Conversely, the virus of 
B. mori L. and the two tent-caterpillar viruses (Ma 
and Md) could not be distinguished by nucleic acid 
composition but morphologically the Bm virus is 
quite different from the two similar tent-caterpillar 
viruses. Again, the amino acid analyses follow the 
morphological classification, with fewer and smaller 
differences separating the Ma and Md viruses as 
compared with the differences between either of 
these and the Bm virus. 

The virus from Porthetria dispar (L.) falls into 
a separate group on the basis of its amino acids, 
nucleic acid, and morphology. 


Comparison of amino acid composition of 
virus and inclusion-body protein 

The amino acid composition of the insect viruses 
differs most markedly from that of their character- 
istic inclusion-body proteins in the relative pro- 
portions of arginine, serine, lysine and tyrosine. 
Proportional to the total amino acid content the 
viruses contain approximately twice as much 
arginine and serine and only one half as much lysine 
and tyrosine as the inclusion-body proteins. 

An interesting difference in variability between 
the two groups is observable in that a comparison 
between any two viruses and their respective 
inclusion-body proteins shows that the viruses 
differ significantly in more amino acids than do the 
inclusion-body proteins. An extreme example of 
this is found in the comparison of Pd with Md in 
which there are twice as many significant differences 
between the two viruses as there are between their 
inclusion-body proteins. This would suggest that 
the inclusion-body proteins are a more closely 
related group than the proteins of the virus. This 
fact together with the very significant differences in 
quantitative composition of the two groups and the 
large excess of inclusion-body proteins produced 
during multiplication of these viruses (at least 
20 x the weight of the total virus) may lend credence 
to the view that the polyhedral protein is a host 
response to the virus (Bergold & Wellington, 1954). 


SUMMARY 


1. The amino acid composition of a number of 
insect viruses and their characteristic inclusion- 
body proteins has been determined by quantitative 
paper chromatography. 

22 
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2. The seven viruses analysed all have a similar 
pattern of amino acid composition and this differs 


markedly from the pattern of the eight inclusion- - 


body proteins. Proportional to the total amino 
acid content, the former have a strikingly greater 
content of arginine and serine, and less lysine and 
tyrosine than the latter. 

3. There is more variability among the viruses 
than among the inclusion-body proteins, but 
significant differences exist between any two 
members of either group. 

4. The differences in amino acid composition 
tend to parallel the morphological classification 
(Bergold, 1953) rather than the groupings based on 
the nucleic acid analysis (Wyatt, 1952). 

I am grateful to Drs G. H. Bergold, E. A. Steinhaus and 
G. R. Wyatt for providing purified polyhedra and capsules, 
and to Mrs Noreen Myers for her untiring technical as- 
sistance. 
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The possibility that threonine is an intermediate in 
the synthesis of isoleucine in micro-organisms has 
been considered in earlier publications (Teas, 1948; 
Umbarger & Adelberg, 1951). Teas (1948) described 
growth experiments in which isoleucine-requiring 
mutants of Neurospora were able to use the keto 
analogue, «-oxo-f-ethylbutyric acid, as well as any 
of a series of four-carbon compounds; namely, 
a«-aminobutyrie acid, «-oxobutyric acid and DL- 
threonine. Evidence from growth studies for the 
relationship between threonine and isoleucine in 
micro-organisms has been summarized by Umbarger 
& Adelberg (1951). From their analysis of the data 
they have classified the threonine-requiring or- 
ganisms into three classes: (1) those which respond 
to L-threonine only; (2) those which show an 
absolute requirement for isoleucine, D-threonine or 


* Research Scholar, Fulbright Commission 1951-2. 
Present address: Department of Bacteriology and Im- 
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one of several other four-carbon compounds; (3) 
a group which responds as group 2 but will utilize 
L-threonine also. 

The present paper is concerned principally with 
the relationship of L-threonine to isoleucine and 
to the four-carbon intermediates, D-threonine, «- 
aminobutyric acid, «-oxobutyric acid and «-oxo-B- 
hydroxybutyrie acid. The approach has been to 
combine inhibition analysis (Shive, 1950) with quan- 
titative growth measurement employing several 
mutants of Escherichia coli (Maas & Davis, 1950). 


1X PERIMENTAL 


Strains used. Escherichia coli, wild type ML3 (Monod), 
L-threonine requirers ML41, ML52 and ML54 obtained by 
Monod from the wild type ML3. 

Esch. coli, wild type W (ATCC 9637) (Davis), L-threonine 
requirer M 43-6 from wild type W, and p-threonine requirer 
M97-21 from wild type W, both obtained by Davis. All 
strains were maintained on meat-broth agar slants by 
weekly transfer. 
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Testing methods. The testing methods, as well as calibra- 
tion of the photoelectric instrument against cell count, 
remain as described by Hirsch & Cohen (1953) unless other- 
wise stated. pi-Serine, pi-threonine, DL-«-aminobutyric 
acid, L-valine, L-leucine, L-isoleucine, DL-methionine, L- 
arginine, L-lysine, L-glutamic and L-aspartic acids were 
Hoffmann-La Roche products. t-Serine, D-serine, L- 
threonine, D-threonine, L-x-aminobutyric acid and D-a- 
aminobutyric acid were the gift of Dr J. P. Greenstein of the 
U.S. Public Health Service, Bethesda, Maryland, and were 
more than 99-9% optically pure. Synthetic pt-homoserine 
was given by Dr M. D. Armstrong, University of Utah, and 
Dr H. J. Teas, California Institute of Technology, pL- 
homocysteine by Dr E. Borek, Columbia University and 
«-oxobutyric acid by Dr D. M. Bonner, Yale University. 
«-Oxo-8-hydroxybutyric acid was prepared from 2-oxo-f- 
bromobutyric acid according to Sprinson & Chargaff (1946). 
The sample of the bromo acid was a gift of Dr D. B. Sprinson, 
Columbia University. 

We wish to thank most sincerely the above-mentioned 
persons for their generous gifts and for their indispensable 
co-operation. Our thanks are equally extended to Drs J. 
Monod, B. D. Davis, and A. M. Pappenheimer, jun., for 
providing us with the bacterial strains used in this study. 


RESULTS 


Nutritional properties of the L-threonine requirers. 
Under the conditions of growth employed, all 
strains requiring L-threonine were equally re- 
sponsive to it. Mutants ML41, ML52 and M43-6 
were found to grow only on t-threonine. The con- 
centration of L-threonine required for half-maximal 
growth of mutant ML 54 is approximately 4 x 10-5 
(incubation time 20 hr.). This mutant was found to 
grow also on D-threonine under conditions to be 
described later and on pL-homoserine. The optimum 
concentration of homoserine is 5 x 10-5m, at which 
concentration growth corresponds to that obtained 
with 10-5m u-threonine. Above 5x 10-5m homo- 
serine, growth decreases. The above three com- 
pounds only were found to promote growth of 
ML54, even though the growth period was pro- 
longed in the testing of other substances. 

Requirements of mutant M 97-21. Strain M97—21 
grows on either L-isoleucine, DL-«-aminobutyric 
acid, «-oxobutyric acid, or p-threonine (personal 
communication from Dr B. D. Davis). We find that 


Table 1. 
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this mutant can use D- or L-«-aminobutyric acid 
and «a-oxo-f-hydroxybutyric acid as well. D- 
Threonine supports growth at high levels only 
(10-*m). At optimum level the growth response is 
poorer than that obtained on the other growth 
factors. L-Threonine does not promote growth in 
concentrations as high as 10-?m and inhibits 
partially the growth on D-threonine. 

Inhibition by L-serine of the growth of the u-threo- 
nine requirers. Since the intention was to study by 
means of inhibition analysis the utilization of L- 
threonine, several amino acids were examined as 
potential inhibitors to the growth of the L-threonine- 
requiring mutants. It was found that none of the 
following, at the concentrations indicated in 
parentheses, inhibited the growth of mutant ML 54 
on 10-*m t-threonine; Di-methionine (10-?M), 
L-valine (10-?m), tL-isoleucine (10-?m), glycine 
(10-*M). 

In contrast, the growth of all the L-threonine- 
requiring mutants was completely inhibited by the 
presence of DL-serine in sufficient quantity. The 
mutant ML 54 was most thoroughly investigated in 
this respect. The inhibition is competitive in 
character (Table 1) and the inhibition index 
(defined as the ratio serine/threonine necessary to 
inhibit growth completely) is approximately 50. 
Experiments made with L- and D-serine showed that 
the inhibitory action is due to L-serine, and that 
p-serine is virtually inactive. It was found that at 
serine levels of 10-?m and higher, the inhibition 
could not be overcome by additional threonine or 
other substances effective as reversal agents in the 
presence of lower levels of serine. It should be 
noted that levels of serine lower than that which 
inhibited growth completely at a given level of 
threonine markedly enhanced the growth obtained 
in the presence of threonine alone (Table 1). 

Total reversal of the inhibition by serine could be 
obtained by addition of appropriate levels of D- 
threonine, DL-«-aminobutyric acid, L-«-amino- 
butyric acid and a-oxobutyric acid. Partial reversal 
was obtained with tL-isoleucine and «-oxo-f- 
hydroxybutyric acid (Table 2). The competitive or 
non-competitive character of the reversals could 
not be determined because of the solubility limit 


Competitive inhibition of the growth of the L-threonine-requiring mutant ML 54 


of Esch. coli by DL-serine 


Incubation: 20 hr. In this and subsequent tables, the concentrations given are the final molar concentrations. When 
racemic mixtures are used the concentrations given are those of the L isomer. Growth is expressed as units of the Meunier 


photometer. 


pL-Serine (M) 
A 





pL-Threonine ;- 


1x10 


(m) 0 5 x 10-¢ Ix10-* 25x10-* 5x10 2x10? 
5 x 10-5 75 131 99 0 0 — ae 
1 x 10-4 114 — 153 33 0 — — 
2-5 x 10-4 127 — — 143 107 15 0 
5x 10-4 113 — _— — — 28 0 
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imposed by the high inhibition ratio and because of 
a secondary inhibitory action exerted by L-isoleucine 
and «a-aminobutyric, «-oxobutyric and «-oxo-B- 
hydroxybutyric acids in the presence of serine. 
Some deductions can, however, be drawn from the 
study of the p-threonine requirer presented below. 





Table 2. Suppression of the inhibition by L-serine of 
growth of mutant ML 54 by several compounds 
proposed as intermediates between threonine and 
tsoleucine 


Incubation: 20 hr. pi-threonine 5 x 10-5m in x form in 
all tubes. No suppression is obtained with xL-valine, L- 
leucine, pLt-methionine (or combinations of the three) L- 
lysine, L-arginine, L-glutamic acid, B-hydroxybutyric acid, 
L-aspartic acid or DL-homocysteine. The secondary in- 
hibitory action shown by «-oxobutyric acid in the presence 
of serine is not included in this table, but appears at a 


tration of 10-4m. : ; 
epee Growth (Meunier units) 


EES 
With 
Concn. Without DL-serine 

Added compound (m) pL-serine (2-5 x 10-*m) 
Nil — 82 3 
DL-x-Amino- 10° 103 13 
butyric acid 3-3 x 10-5 — 85 
5x 10-5 116 — 
10-4 119 46 
a-Oxobutyric acid 10-6 79 20 
5 x 10-* 79 53 
10-5 83 87 
a-Oxo-B-hydroxy- 10-5 76 12 
butyric acid 5x10 77 40 
10-+ 80 13 
p-Threonine 10-* 82 22 
5x 10-4 84 50 
10-8 86 98 
t-Isoleucine 5 x 10-* 80 55 
10-5 84 44 
5x 10-5 77 0 
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Sparing effect of certain compounds on -threonine. 
In the presence of limiting quantities of L-threonine, 
extra growth was obtained by appropriate levels of 
D-threonine, «-aminobutyric, «-oxobutyric and «a- 
oxo-8-hydroxybutyric acids (Table 3). No such 
effect was obtained with various levels of L-iso- 
leucine, L-valine, t-leucine, DL-methionine, L- 
lysine, L-arginine and L-glutamic acid. 

Inhibition by Du-serine of the growth of the v- 
threonine requirer M 97-21. It was felt that a study 
of the effect of serine on the p-threonine requirer 
M97-21, which grows on any of the supposed inter- 
mediates between threonine and isoleucine, might 
throw some light on the site of action of serine, 
particularly in view of the above-cited difficulties 
encountered in attempting to determine the com- 
petitive or non-competitive character of the reversal 
of serine inhibition of the L-threonine requirers. 


Table 3. Sparing effect of several compounds 
on L-threonine for mutant ML 54 


Incubation: 20 hr. pi-threonine (final conen. 2-5 x 10-°u 
as L isomer) present in all tubes. 


Growth 
Conen. (Meunier 
Sparing compound (M) units) 

Nil — 48 
pu-«-Aminobutyric acid 10-5 80 
5x 10-5 81 
a-Oxobutyric acid i ie 46 
5x 10-5 67 
a-Oxo-B-hydroxybutyric acid* 10-4 64 
5x10 19 
p-Threonine 5 x 10-5 53 
10-4 68 


* This compound becomes consistently inhibitory when 
its level is raised. 


Table 4. Competitive inhibition of the growth of Esch. coli mutant M 97-21 on D-threonine by DL-serine 


Incubation: 20 hr. 


Growth in Meunier units in presence of DL-serine (M) 





p-Threonine - 


(m) 0 10-* =. 2-5 x 10-4 
5 x 10-4 42 26 9 
10-3 61 =a 32 
5 x 10-3 62 wees 68 
10-2* 47 —_ 48 


* Level of 10-2 p-threonine is in itself inhibitory as evidenced by reduced growth of control with this level of threonine. 


Table 5. Inhibition of the growth of Esch. coli mutant M 97-21 on L-«-aminobutyric acid by DL-serine 


a ee oe 
5x 10-4 10-3 25x10"? 5x10-% 10-2 
3 1 0 — 
27 21 9 0 —_ 
42 31 -— ll ll 
26 0 — 0 = 


Incubation: 20 hr. 


L-«-Aminobutyric 


Growth in Meunier units in presence of DL-serine (M) 





acid — 5 ‘ 

(mM) 0 a 25x10 5x10-% 10-2 2x10" 
* 55 17 ll 9 0 — 
5x10 86 37 — 6 0 _— 
10-* 82 30 _— 6 i _ 
5xJ0-*4 79 70 — 3 0 0 
10-% 93 — — 4 0 0 
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Growth of the p-threonine requirer on either D- 
threonine or DL-«-aminobutyric acid was inhibited 
by pDu-serine. When p-threonine was the growth 
factor, both D- and t-serine were inhibitory. 
Growth on D-threonine was somewhat poor, as 
already stated, but in spite of this, it was possible to 
demonstrate that its inhibition by serine was com- 
petitive in nature (Table 4). On the other hand, 
inhibition of the growth on «-aminobutyric acid 
appeared to be unrelated to the amount of amino- 
butyric acid present (Table 5). 

Relationship of u- and pD-threonine in the growth of 
MIL54. Large amounts of pD-threonine (10-*m) 
were found to satisfy the growth requirements of 
ML54, that is to say, final growth obtained by 
extending the growth period to 24 hr. was equal to 
the maximum growth obtainable over the same 
period with optimum quantities of t-threonine 
(10-4m). This was not the case with the other L- 
threonine requirers, ML41, ML52 and M43-6, 
which grew but slightly on levels of D-threonine as 
high as 10-*m. The slight growth obtained could be 
accounted for by the 0-1 % of u-threonine possibly 
present as contaminant of the D isomer. This 
explanation could not account for the growth 
obtained with ML 54. 

The growth of ML54 on p- and t-threonine is 
shown in Fig. 1. Growth on D-threonine is very 
slow initially and the rate increases gradually with 
time. The shape of the D-threonine curve is much 
more in favour of a slow conversion of D-threonine 
into L-threonine or into a precursor of L-threonine 
than of a selection phenomenon or the utilization of 
pD-threonine as such. Both the selection of a D- 
threonine utilizing mutant and a phenomenon of 
adaptation are made improbable by the finding that 
cells from full growth on D-threonine behave in the 
same fashion as the original inoculum when re- 
seeded on D-threonine. 

It should be re-emphasized at this point that 
mutant M97—21 gives no observable growth in the 
presence of L-threonine on concentrations as high as 
10-*m even with a period of growth extended to 
48 hr. 

L-Threonine deaminase. The possibility that the 
difference between mutants M97—21 and ML54 
could be the inability of M97—21 to convert L- into 
D-threonine was then considered, and a search made 
for a racemase for threonine and for an L-threonine 
deaminase in both mutants. The procedure of 
Wood & Gunsalus (1951) with both acetone-dried 
and vacuum-dried cells, previously aged according 
to Lichstein & Christman (1948), was followed in an 
effort to demonstrate the presence of a racemase 
assaying alternatively with L- and p-threonine. 

Kidney D-amino-acid oxidase and snake ophio- 
L-amino-acid oxidase could not be used since these 
enzymes are virtually inactive on the threonine 


AMINO ACIDS IN BACTERIAL GROWTH 341 


isomers (Bender & Krebs, 1950; Zeller, 1948). 
Consequently, an L-threonine deaminase prepara- 
tion was used to detect the appearance of L- 
threonine (when p-threonine was the substrate) or 
its disappearance (when t-threonine was the sub- 
strate). This very active preparation was a cell-free 
extract obtained by Dr B. Nisman, of this laboratory 
(unpublished data) by ultrasonic disruption of cells 
of Clostridium sporogenes. 

Under the conditions of these experiments, the 
presence of a racemase could not be demonstrated 
either in M 97-21 or in ML 54. 

On the other hand, an L-threonine deaminase was 
readily demonstrated in both mutants tested, using 
vacuum-dried cells without addition of cofactors. 
Since the deamination product of L-threonine in 


0-30 


0-20 


0-10 


Growth (optical density) 





0 
0 2 4 6 8 10 12 14 16 18 20 22 24 
Time (hr.) 


Fig. 1. Growth of mutant ML54. A, 5 x 10-°m-threonine; 
B, growth on 10-*m p-threonine. The initial response seen 
with p-threonine can be accounted for as resulting from 
less than 10-*m t-threonine possibly present as a con- 
taminant. The organism grown in the presence of 10-*m 
L-threonine will give an optical density of 0-04 which 
corresponds to 8-10 Meunier units. 


Table 6. Inhibition of the growth of mutant M 97-21 
by L-threonine and DL-homoserine 


Incubation: 20 hr. 


yrowth in Meunier units 
in presence of 





L-a-Aminobutyric 


Conen. of inhibitor acid L-Isoleucine 
(m) (10-5) (5 x 10-5) 
0 60 8l 
L-Threonine 10-4 53 88 
10-8 17 87 
2x 10-3 15 82* 
pL-Homoserine 10-° 63 78 
10-4 65 77 
10-3 0 0 


* With levels tested L-threonine could not be shown to 
be inhibitory to the growth on L-isoleucine. 
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Esch. coli is «-oxobutyric acid (Chargaff & Sprinson, 
1943) on which M 97-21 grows readily, it is difficult 
to account for the failure of this organism to grow on 
L-threonine. 

Mutant M 97-21 grows better on D-threonine than 
on the racemic mixture; we therefore looked for 
a possible inhibition by L-threonine of the growth of 
M97-21 on factors other than D-threonine. It was 
found that L-threonine is inhibitory to the growth of 
M97-21 on L-«-aminobutyric acid but not on L- 
isoleucine at the levels tested (Table 6). This raised 
the possibility that the failure of M 97-21 to grow on 
L-threonine was due to an inhibitory action of the 
L-threonine on the utilization of its dissimilation 
products, as precursors of L-isoleucine. 

DL-Homoserine as inhibitor. DL-Homoserine was 
inhibitory to all the L- and p-threonine requirers, 
even to ML 54 for which it is a growth factor within 
a narrow range of concentrations. The inhibitory 
levels of homoserine vary for the different strains of 
the L-threonine requirers. With the D-threonine 
requirer M97—21, growth on L-«-aminobutyric acid 
and L-isoleucine were both inhibited, while L- 
threonine inhibited growth on L-«-aminobutyric 
acid only (Table 6). 

The growth of the wild type W, from which M 97-— 
21 is derived, was completely inhibited by 10-*m 
put-homoserine (Table 7). This inhibition could be 
overcome by adding to the medium either iso- 


Table 7. Inhibition of the growth of the wild type 
Esch. coli (W) by DL-homoserine and its suppres- 
sion by L-isoleucine or L-valine 


Incubation: 18 hr. 


Growth 
pL-Homoserine L-Isoleucine L-Valine (Meunier 
(mM) (mM) (mM) units) 

0 0 0 93 
10-6 0 0 94 
10-4 0 0 79 
10-3 0 0 0 
10-3 10-5 0 23 
10-3 10-4 0 46 
10-3 10-3 0 85 
10-3 0 10-5 36 
10-3 0 10-4 85 
10-3 0 10-3 82 
10-3 10-5 10-5 38 
10-3 10-4 10-4 89 
10-3 10-3 10-3 85 


H. AMOS AND G. N. COHEN 


Table 8. Suppression of the homoserine inhibition on the growth of Esch. coli mutant M 97-21 by u-valine 
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leucine or valine. Similarly, the growth of the 
mutant M97-21 on isoleucine, when totally in- 
hibited by homoserine, could be restored by the 
addition of valine (Table 8). 


DISCUSSION 


The competitive nature of the inhibition by L-serine 
of growth on L-threonine indicates that the utiliza- 
tion of L-threonine is involved, whether it be its 
incorporation as such into protein, or its utilization 
for the synthesis of some other metabolite. That the 
serine inhibition is overcome only by compounds 
previously listed as possible intermediates in the 
synthesis of L-isoleucine, and that these same com- 
pounds show a sparing effect over L-threonine, can 
be taken as evidence that it is rather utilization in 
the direction of isoleucine that is interfered with by 
serine. However, such facts as can be gained from 
growth experiments cannot furnish conclusive 
evidence of the degree to which the carbon chain of 
threonine is involved in the synthesis of isoleucine. 
Ehrensvard (1952), from studies with acetate 
doubly labelled with 1°C and 14C suggests that the 
C—4 chain of threonine appears not to be in- 
corporated as a block into the isoleucine molecule. 
More evidence of this type must be accumulated 
before this biosynthetic pathway can be clarified. 

The mutant M97—21 was found to possess an 
active L-threonine deaminase which should, in the 
absence of some inhibitory influence of L-threonine, 
permit this mutant to grow on L-threonine. The 
deamination product of L-threonine is «-oxobutyric 
acid, which, when supplied in the medium, supports 
growth. The failure, then, of M97—21 to grow on 
L-threonine may be due to its inability to deaminate 
L-threonine at the pH prevailing under conditions 
which support growth, or to an inhibitory influence 
of u-threonine. The inhibitory effect of both L- 
threonine and pui-homoserine has been demon- 
strated. This recalls the condition described by 
Davis (1952) where dehydroshikimic acid inhibits 
the utilization of its own derivative, shikimic acid, 
for the synthesis of phenylalanine and tyrosine. In 
mutant M97—21 the inhibition by homoserine is 
overcome by isoleucine or valine. The wild type, 
from which M 97-21 is derived, is also inhibited by 
pu-homoserine. This inhibition is suppressed as 
well by isoleucine or valine. 


Incubation: 22 hr. t-Isoleucine concn. 10-4m throughout. 


Growth in Meunier units in presence of L-valine (M) 





pL-Homoserine 


(mM) 0 10-6 
0 99 — 
10-% 30 — 
2x 10-3 0 0 


* i-Valine inhibits competitively the growth of M97-21 on L-isoleucine. 


=A Y 
10-4 10-3 = 5 x 10-3 10-2 
wai 77 66 15* 
2 26 1 11* 
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Further experiments are in progress on the nature 
of the block in M97-21, i.e. whether it is lacking an 
enzyme or is inhibited by a metabolite which it 
accumulates and which is involved in the valine— 
isoleucine equilibrium. 


SUMMARY 


1. The growth of four mutants of Escherichia coli 
requiring L-threonine is inhibited by the presence of 
L-serine in the culture medium. 

2. The inhibition by Di-serine is competitive and 
is suppressed by D-threonine, «-aminobutyric acid, 
a-oxobutyric acid, «-oxo-B-hydroxybutyric acid and 
L-isoleucine. 

3. All the above-listed compounds, except L- 
isoleucine, exert a sparing effect in the utilization of 
L-threonine. 

4. A mutant requiring either p-threonine, «- 
aminobutyric acid or L-isoleucine is also inhibited 
by DL-serine, when grown on D-threonine or «- 
aminobutyric acid. 
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5. These results lead to the hypothesis that L- 
isoleucine synthesis depends on t-threonine utiliza- 
tion in these mutants. 
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Stoicheiometry of the Citrulline Phosphorylase Reaction 
of Streptococcus lactis 


By MITCHELL KORZENOVSKY anp C. H. WERKMAN 
Department of Bacteriology, Iowa State College, Ames, Iowa 


(Received 6 October 1953) 


It has recently been shown that the anaerobic 
degradation of the carbamido group of L-citrulline 
by Streptococcus faecalis (Knivett, 1953; Slade, 
1953) and Strep. lactis (Korzenovsky & Werkman, 
1953a, b) is coupled to the esterification of ortho- 
phosphate. Adenosine diphosphate (ADP), Mg** 
and orthophosphate are the necessary components 
for the formation of ornithine, carbon dioxide and 
ammonia, as well as for the synthesis of acid-labile 
phosphate bonds (Knivett, 1953; Slade, 1953; 
Korzenovsky & Werkman, 1953a, b). Incorpora- 
tion of radioactive phosphorus into adenosine tri- 
phosphate (ATP) (Knivett, 1953) or phosphoryla- 
tion of glucose in the presence of iodoacetate (Kor- 
zenovsky & Werkman, 1953a, b) indicates that ADP 
functions as a phosphate acceptor resulting in the 
synthesis of ATP. Although adenosine 5-phosphate 
(AMP) can replace ADP (Korzenovsky & Werkman, 
19536) its role as a phosphate acceptor is not clear 
because the absence of enzymes capable of catalys- 
ing the reaction 2 ADP =AMP + ATP has not been 
shown. 


The purpose of the present paper is to establish 
the stcicheiometry of the citrulline phosphorylase 
reaction according to the following equations: 


R.NH.CO.NH,+H,PO,+ ADP 


Mg** 
—-+> R.NH,+CO,+NH,+ATP 


(R= .CH,.CH,.CH,.CHNH,.COOH). 


METHODS 


Conditions for the culture of Strep. lactis and preparation of 
cell-free extracts have been described (Korzenovsky & 
Werkman, 19535). Extracts were dialysed against distilled 
water at 1° for 8 hr. and then diluted with 0-5m potassium 
phosphate buffer, pH 6-2-6-3, to contain about 5 mg. of 
protein per 0-1 ml. The diluted extracts contained approxi- 
mately 5 wmoles of orthophosphate per 0-1 ml. 

The reaction was conducted in 25 ml. Erlenmeyer flasks. 
Enzyme, orthophosphate (pH 6-2-6-3), maleate buffer 
(maleic acid brought to pH 6-2-6-3 with NaOH solution), 
MgCl, and iodoacetate were incubated for 10 min. Purified 
hexokinase and glucose, when used, were then added and the 
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mixture incubated for another 10 min. The reaction was 
started by the addition of ADP and citrulline or other 
substrate. Several methods were used to stop the reaction 
and deproteinize the mixture depending upon the product 
to be determined. Reference to these is made at appropriate 
places. Carbon dioxide was measured manometrically. For 
this purpose the reaction was carried out in Warburg flasks 
with three side arms permitting the addition of the above 
components in the same order. Acid was used to stop the 
reaction and release bound CO,. All experiments were made 
at 30-4° in air. 

Glucose 6-phosphate (G6-P) was determined mano- 
metrically with triphosphopyridine nucleotide (TPN), 
Zwischenferment and yellow enzyme. The analytical 
mixture (1-5 ml.) contained 0-15m glycylglycine buffer 
(0-5 ml., pH 7-4); 0-2 mg. TPN; 4-0 mg. Zwischenferment; 
0-4 ml. 25% (v/v) yellow enzyme solution; and the de- 
proteinized unknown solution brought to pH 7-4 or the 
known solution of G 6-P. The reaction was conducted in 
Werburg flasks of about 6 ml. capacity with NaOH solution 
in the centre well; gas, O,. The procedure for the determina- 
tion of G 6-P gave 85-90 % recovery. Known solutions were 
always run with unknowns and appropriate corrections 
made. Protein-free filtrates to be used for analysis of G 6-P 
were made by adding 0-1 ml. 5N acetic acid to the reaction 
mixture followed by heating for 5 min. at 100°. Glucose was 
determined according to Somogyi (1945 a) with the chromo- 
genic reagent of Nelson (1944) on mixtures deproteinized 
with Ba(OH),: ZnSO, (Somogyi, 1945). These reagents also 
remove phosphoric esters (Colowick, Cori & Slein, 1947). 
The method of Roe (1934) was used for the determination of 
fructose. This procedure does not distinguish between 
fructose, fructose 6-phosphate or fructose 1, 6-diphosphate, 
hence results are reported simply as fructose. Analyses 
were made on mixtures deproteinized with 5% (w/v) tri- 
chloroacetic acid (TCA). Orthophosphate was determined 
by the method of Lowry & Lopez (1946) on reaction mixtures 
deproteinized with saturated (NH,).SO, or with ice-cold 
5% (w/v) TCA and immediately brought to pH 4-0 with 
0-1M sodium acetate. Ornithine was determined according 
to Chinard (1952) on TCA filtrates. For determination of 
NH;, protein-free filtrates were made alkaline with a 
saturated solution of sodium tetraborate and the NH, 
distilled into acid with a Parnas-Wagner apparatus. The 
distillate was nesslerized and the colour read in a photo- 
electric colorimeter. Methods for the determination of 
citrulline and protein have been cited (Korzenovsky & 
Werkman, 19536). 

Zwischenferment and yellow enzyme were prepared from 
yeast maceration juice according to the method of Warburg 
& Christian (1933). The preparation of yellow enzyme was 
carried through the first acetone precipitation stage. The 
precipitate was dissolved in a minimum of water, dialysed, 
and after dilution to a 25% (v/v) solution, used without 
further purification. Yeast hexokinase was prepared by 
Pabst Laboratories, Milwaukee, Wisconsin, according to the 
procedure of Berger, Slein, Colowick & Cori (1946). The 
purification was carried as far as Step 3-A followed by 
dialysis at 4° against 1% glucose. The enzyme was stored as 
a lyophilized powder and dissolved in cold distilled water 
immediately prior to use. The activity of the hexokinase is 
expressed in the units of Kunitz & McDonald (1946). 

The purity of ADP was about 95% and of ATP about 
97% according to chromatographic analysis. TPN was of 
about 60% purity. These three products were of yeast origin. 
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RESULTS 


It is apparent from Fig. 1 that, under the experi- 
mental conditions specified, approximately one 
mole each of carbon dioxide and ammonia are 
produced from citrulline for each mole of ortho- 
phosphate utilized. The ratio is maintained for the 
entire time during which measurements were made, 
although the rate of reaction decreases. The de- 
crease in reaction rate is caused by the inhibitory 
effect of ornithine (Korzenovsky & Werkman, 
19535). 

The amount of ATP formed in the citrulline 
phosphorylase reaction may be determined by 
addition of purified yeast hexokinase and glucose to 
the reaction mixture. Either decrease in concen- 
tration of glucose or manometric determination of 
G 6-P is used as a measure of the ATP synthesized. 
The reliability of either procedure depends upon the 
absence of competing enzymes which may be present 
in crude preparations. Extracts of Strep. lactis 


6:00 


5:00 


4-00 


8 


Micromoles 


md 
8 


1-00 





om 20 30 


0 10 


Minutes 


Fig. 1. The effect of time of incubation upon the relation- 
ship between CO,, NH, and orthophosphate in the 
citrulline phosphorylase reaction. The test system con- 
tained 0-1 ml. extract (43mg. protein), 15 moles 
orthophosphate, 0-04 mole maleate buffer (pH 6-2), 
20 pmoles MgCl,, 10 wmoles iodoacetate, 0-5 umole ADP, 
25 moles t-citrulline, 50umoles glucose and 56 K.M. 
units hexokinase (see text, this page). Total volume, | ml. 
The reaction mixture was deproteinized with 5% (w/v) 
TCA and brought to pH’4-0 with 0-1m sodium acetate. 
O—O, decrease in phosphate; (J—D, production of 
NH, ; A—A, production of CO,. 
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catalyse the release of orthophosphate from ATP 
(Table 1, Expt. no. 1). However, under the experi- 
mental conditions chosen for the study of the citrul- 
line phosphorylase reaction, i.e. excess of hexo- 
kinase and glucose, the hydrolytic destruction of 
ATP is markedly inhibited (Table 1, Expt. no. 2). 
Even greater inhibition is achieved by the addition 
of 5 umoles ATP in 0-1 pmole portions over a 30 min. 
period (Table 1, Expt. no. 3). Extracts of Strep. 
lactis also catalyse the release of orthophosphate 
from ADP (Table 1, Expt. no. 4). In the presence of 
hexokinase and glucose this does not occur (Table 1, 
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Expt. no. 5) but the concentration of glucose de- 
creases (Table 2, Expt. no. 2). It is thus likely that 
ADP is not destroyed by hydrolysis but metabolized 
according to the reaction 2 ADP=AMP+ATP. 
Table 2, Expt. no. 1, indicates that the sample of 
ADP is sufficiently free of ATP for purposes of this 
test and the hexokinase is not contaminated with 
adenylate kinase. The small increase in ortho- 
phosphate which occurs in the absence of the hexo- 
kinase system (Table 1, Expt. no. 4) can be ac- 
counted for by hydrolysis of the ATP formed. It 
should be emphasized that the initial concentration 


Table 1. Release of orthophosphate from ADP and ATP by extracts of Streptococcus lactis 


Indicated additions were made to a test system which contained 0-1 ml. extract (4-5 mg. protein), 15 moles ortho- 
phosphate, 0-04 mole maleate buffer (pH 6-2), 20umoles MgCl,, and 10umoles iodoacetate. Total volume 1-1 ml.; 
incubated 30 min. Protein was precipitated with saturated (NH,),SO,. For definition of K.m. units hexokinase, see text 


p- 344. 


Orthophosphate Orthophosphate 
in reaction formed from 


Expt. mixture ATP or ADP 
no. Additions (umoles) (umoles) 
1 ATP (5yumoles) 26-81 | 4-97 
Without ATP 21-84 
2 ATP (5umoles), 56 K.M. units hexokinase, 50 zmoles 22-74 
glucose 0-75 
Without ATP 21-99 
3 Same as Expt. no. 2, but 5umoles ATP were added 22-17) 
in 0-1 pmole portions 0-21 
Without ATP 21-96) 
4 ADP (5moles) 22-73) ono 
Without ADP 21-84} , 
5 ADP (5umoles), 56 k.M. units hexokinase, 50 zmoles 21-84 | 
glucose 0-00 
2 1-84) 


Without ADP 


Table 2. Conversion of ADP into ATP by extracts of Streptococcus lactis 


Test system and conditions as described in Table 1. The amount of ATP formed is indicated by the decrease in glucose 


in the test system. 


Glucose present Decrease in 





Expt. at end of exp. glucose 
no. Description of test system and additions (umoles) (umoles) 
1 Test system without extract, 5umoles ADP, 56 K.m. 10-79 } 
units hexokinase, 10 wmoles glucose 0-00 
Test system without extract or ADP 10-79 J 
2 Test system complete, 5umoles ADP, 56 K.M. units 8-47) 
hexokinase, 10 wmoles glucose 2-32 
Without ADP 10-79 
Table 3. Recovery of glucose 6-phosphate 
Indicated additions were made to a test system as described in Table 1. 
Amounts present at the end of the reaction (umoles) 
Expt. ? Ortho- 
no. Additions to test system Glucose Fructose G 6-P phosphate 
1 G 6-P (6-5 pmoles) 0-34 — 6-7 21:9 
No G 6-P 0-24 — 0-4 21-9 
2 G 6-P (6-5 umoles) — 0-26 — m= 
No G 6-P — 0-26 — — 
3 G 6-P (6-5 uzmoles) and ATP (7-5 zmoles) -— 0-27 — 29-4 
-= 0-26 = 29:3 


As above but no G 6-P 
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Table 4. Determination of adenosine triphosphate 


Indicated additions were made to a test system described in Table 1. ATP was added in approximately 0-25 umole 
portions. The figures in parentheses give the decrease of glucose and increase of G 6-P, when ATP was added to the test 


system. 


Expt. Glucose G6-P 
no. Additions to test system (umoles) (moles) 

1 Glucose (20 umoles) 20-5 0-0 
Glucose (20 umoles added after deproteinization) 20-5 0-0 
2 Glucose (20 umoles) and ATP (4-5 umoles) 20-1 0-6 
As above but no ATP 20-5 0-1 

(00-4) (0-5) 
3 Glucose (20 umoles) ATP (4-5 umoles) and 16-1 4-3 

56 K.M. units hexokinase 

As above but no ATP 20-5 0-1 

(4-4) (4-2) 


Table 5. Stoicheiometry of the citrulline 
phosphorylase reaction 


Test system as described in Fig. 1 except with 0-2 umole 
ADP. Total volume, 1-2 ml.; incubated 30 min. Experi- 
mental and control flasks were of indentical composition 
except in that ADP and t-citrulline were added to the 
latter after the mixture was deproteinized. Citrulline and 
ornithine were determined on TCA filtrates and NH, on 
filtrates prepared with tungstic acid. Carbon dioxide was 
determined manometrically. The remaining compounds 
were determined on filtrates prepared as described in text. 
Values are in micromoles. 


Increase 
(+) or 
decrease 
Compound Initial Final (-) 
Citrulline 24-99 21-09 -3-9 
Orthophosphate 21-84 18-17 —3-7 
Glucose 50-10 46-60 -3-5 
Ornithine 0-0 3-8 +3°8 
Carbon dioxide 0-2 3°8 +3-6 
Ammonia 0-3 4-1 +3°8 
Glucose 6-phosphate 0-1 3-7 +3-6 


of ADP or ATP used to detect these activities 
greatly exceeds the concentration present at any 
moment during the citrulline phosphorylase re- 
action. 

When G 6-P is incubated in a test system either in 
the presence or absence of ATP, neither glucose, 
fructose nor extra phosphate can be detected and 
recovery of the G 6-P is within experimental error 
(Table 3). 

The data presented in Table 4, Expt. no. 3, show 
that ATP is satisfactorily determined in terms of 
either glucose or G 6-P. Some formation of G 6-P 
occurs in the absence of added hexokinase indi- 
cating that extracts of Strep. lactis contain a hexo- 
kinase system (Table 4, Expt. no. 2). The enzymic 
determination of G 6-P is specific; no compound 
present in the reaction mixture other than G 6-P 
gives a measurable O, uptake. 

A complete chemical balance of products appears 
in Table 5. The data show that for each mole of 
citrulline degraded one mole of ATP is formed. The 
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analyses given represent the sum of the following 
equations: 





1. R.NH.CO.NH,+H,PO,+ADP 


Mg?* 
—-+ R.NH,+NH,+ ATP 






(Citrulline phosphorylase enzyme) 






Mg?* 
2. ATP + Glucose —-> ADP +G 6-P 


(Hexokinase) 








Sum of reactions 1 and 2: 


R.NH.CO.NH,+H,PO, + Glucose 
+> R.NH,+CO,+NH,+G 6-P. 







DISCUSSION 






The results presented in this paper make it possible 
to write a balanced equation for the degradation of 
L-citrulline by cell-free extracts of Strep. lactis. Of 
possible importance for the formulation of a mech- 
anism is the observation that the ratio of ammonia 
(or carbon dioxide) : phosphorus remains essentially 
constant with time. This may be interpreted to 
indicate that the carbamyl group of citrulline is 
split-off by a phosphoroclastic type of reaction. The 
products of the phosphoroclastic reaction are 
released from the enzyme surface simultaneously 
with the transfer of high-energy phosphate to a 
suitable acceptor. The nature of the immediate 
phosphate acceptor is not certain, although the 
evidence so far available indicates that it is ADP. 
Adenosine 5-phosphate can replace ADP. How- 
ever, the presence of an adenylate kinase system 
does not permit a clear interpretation of its role. 















SUMMARY 






1. A complete chemical balance of products of 
the citrulline phosphorylase reaction of Strep. lactis 
is presented. 
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2. The data show that one mole of orthophos- 
phate is required to degrade an equivalent of citrul- 
line to ornithine, carbon dioxide and ammonia. An 
equivalent of ATP is synthesized. 

3. Extracts of Strep. lactis release orthophos- 
phate from ATP but not from ADP. The presence of 
an adenylate kinase system is indicated. 


This work was supported by a grant from the U.S. Public 
Health Service. 
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A Simple Method for the Preparation of Horseradish Peroxidase 


By R. H. KENTEN anp P. J. G. MANN 
Biochemistry Department, Rothamsted Experimental Station, Harpenden, Herts 


(Received 16 January 1954) 


Of the two available methods for the preparation 
of highly purified horseradish peroxidase, that of 
Theorell (1942) involves the use of electrophoresis 
apparatus, and there are many steps in that of 
Keilin & Hartree (1951). A simpler method has now 
been devised which avoids the use of electrophoresis 
and considerably reduces the number of fraction- 
ation procedures. The method depends on the 
removal of much inactive material from the crude 
extract by precipitation with a mixture of chloro- 
form and ethanol (the reagent of Tsuchihashi, 1923). 
Following this treatment, highly purified peroxidase 
preparations have been obtained by fractional 
precipitations with ammonium sulphate and eth- 
anol. The product obtained is a stable dry pre- 
paration which can be crystallized from ammonium 
sulphate solution. 


EXPERIMENTAL 
Methods 


Activity of the peroxidase preparations. The ‘Purpuro- 
gallinzahl’ (P.z.) (Willstatter & Stoll, 1918) of the prepara- 
tions, i.e. mg. of purpurogallin formed by 1 mg. of the 
enzyme preparation in 5 min. from pyrogallol and H,O, 
under fixed conditions, was estimated by the method of 
Keilin & Hartree (1951) using an EEL (Evans Electro- 
selenium Ltd.) colorimeter with Ilford Bright Spectrum Blue 
filter 622. 

Peroxidase units. The number of peroxidase units (E.U.) 
in the various fractions and final preparations is given by the 
total weight of purpurogallin (g.) which these would give 
under the conditions of the above method. 

Dry weights. Samples were dried to constant weight at 
105°. 


Absorption data. These were obtained using the Unicam 
Model 8.P. 500 quartz spectrophotometer with 1 cm. cells. 

Haemin. The haemin content of the peroxidase prepara- 
tions was estimated at a concentration of 0-4 mg. prepara- 
tion/ml. by measuring the light absorption at 557 mu. after 
conversion into pyridine haemochromogen (Paul, Theorell & 
Akeson, 1953). The value for the molar absorption of the 
a-band of the pyridine ferroprotoporphyrin (8-0 x 107 cm.? 
mol.-1) given by Paul et al. (1953) was used for calculation of 
the haemin content. 


Isolation of peroxidase from horseradish root 


Preparation of crude extract. Roots of wild horseradish 
(Cochlearia armoracia L.) were gathered in spring when 
interference by root polysaccharides during the fractionation 
is at a minimum (Keilin & Hartree, 1951). Washed root 
(5 kg.) was cut into small pieces and put through a large 
domestic meat mincer. The mince was mixed thoroughly 
with 71. of water and then macerated in batches in a Waring 
Blendor. Each batch was macerated for 2 min. The macer- 
ate was squeezed by hand in strong cotton cloth and the 
extract (9 1.) was stored overnight at 0—-2° (P.z. 1-1; E.U. 598). 

Treatment with ethanol: chloroform. A 2:1 (v/v) ethanol: 
chloroform mixture (2-7 1.) was cooled to 0° and added to the 
extract at 0° with brisk mechanical stirring. The stirring was 
continued for 20 min. The mixture was then centrifuged at 
3000 rev./min. for 15 min. The clear yellow supernatant 
(10-42 1.; £.u. 537) was adjusted to pH 5-5 with 2n-NaOH 
and concentrated by distillation under reduced pressure to 
2-18 1. (g.u. 488). The temperature of the solution was kept 
below 30° and the distillation rate was about 0-9 1./hr. 

Fractional precipitation with ammonium sulphate. The re- 
latively inactive precipitate obtained by adding (NH,),SO, 

250 g./l. concentrate) was centrifuged off and discarded 
(g.u. 29). A further 250 g. of (NH,),SO, for each litre of 
original concentrate was added to the supernatant. The 
suspension was kept overnight in the cold room (0-2°) 
and then the precipitate, which contained most of the 
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peroxidase, was centrifuged off. The precipitate was sus- 
pended in 50 ml. of 0-2 orthophosphate buffer (pH 7) and 
dialysed for 3 hr. against running tap water and finally 
against 51. of distilled water at 0-2° overnight. The dialysed 
suspension was centrifuged and the precipitate washed 
twice on the centrifuge with a little water. The combined 
supernatants had a total volume of 83-5 ml. (E£.v. 395). 

Fractional precipitation with ethanol. The supernatant was 
cooled to 0° and ethanol (1-5 vol., 125 ml.), previously 
cooled to —5°, was added slowly with stirring while the 
temperature of the mixture was kept below 0°. The sus- 
pension was left at 0° for 30 min. and then centrifuged clear. 
The precipitate was dried in vacuo over H,SO, (476 mg.; 
P.zZ. 60; E.U. 29). To the supernatant at 9° further chilled 
ethanol (2-5 vol., 209 ml.) was added, and after standing at 
0° for 30 min. the suspension was centrifuged. The pre- 
cipitate was dried in vacuo over H,SO, (470 mg.; p.z. 610; 
E.U. 287). This precipitate was suspended in 25 ml. of water, 
centrifuged clear, and the pellet washed once. The combined 
supernatants were fractionally precipitated with ethanol 
under the conditions above except that the fractions pre- 
cipitating between 0 and 1-2 vol. (A) and 1-2 and 2 vol. 
ethanol (B) were collected. The precipitates were dried in 
vacuo over H,SO, (A, 60 mg.; P.z. 130; E.v. 8: B, 270 mg.; 
P.Z. 940; E.U. 254). Precipitate B was dissolved in water and 
again fractionated with ethanol, the precipitates with 
1-3 vol. ethanol (C) and 1-3-1-9 vol. (D) being collected. 
(C, 58 mg.; P.z. 460; E.U. 27: D, 149 mg.; P.z. 1080; £.v. 161; 
haemin 1:14%; Egoemy./Hesomp, 2°3-) One such preparation 
(D) showed little loss of activity after storage for a year in 
a dry atmosphere at room temperature. 

Crystallization of horseradish peroxidase. The main 
purpose of this work was to prepare a stable dry preparation 
of highly purified peroxidase for use in studies of peroxidase 
action. For this purpose preparations such as D were 
suitable. Attempts were made to obtain crystalline peroxi- 
dase from such preparations by the method of Theorell 
(1942), but these were unsuccessful possibly because no 
crystals of peroxidase were available for seeding. On one 
occasion a solution of preparation D was fractionated with 
(NH,),SO, and five fractions precipitating between 50 and 
64% saturation were collected. Each precipitate was 
dissolved in a small volume of water and saturated (NH,),SO, 
added dropwise until a faint turbidity appeared. The solu- 
tions were left at 0° and examined periodically. After about 
3 weeks the fraction originally precipitated at 61-64% 
saturation showed the characteristic shimmer of crystalline 
suspensions. The suspension was centrifuged and the pre- 
cipitate suspended in 70% saturated (NH,),SO,; micro- 
scopical examination showed that the suspended material 
consisted of fine, needle-shaped crystals 3-10y. long. 
Solutions of preparation D could be readily crystallized by 
using these crystals for seeding. The following procedure was 
found suitable. That fraction of preparation D which pre- 
cipitated between 56 and 70% saturation with (NH,),SO, 
was collected. The precipitate was dissolved in a small 
volume of water in the centrifuge tube and saturated 
(NH,),SO, was added dropwise until a faint turbidity 
appeared. On chilling in ice water the turbidity disappeared 
and the solution was then inoculated with a drop of the 
suspension of crystals in 70% saturated (NH,),SO,. The 
mouth of the centrifuge tube was covered with a filter paper 
and the solution was left at room temperature to crystallize. 
Crystals generally appeared within a few hours. The solution 
was centrifuged at intervals over the next few days until the 
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absence of colour in the supernatant showed that the bulk of 
the peroxidase had crystallized. The crystals were sus- 
pended and stored in 70% saturated (NH,),SO, at 0°. 


DISCUSSION 


The assessment of the exact degree of purity of 
peroxidase preparations is, at present, a matter of 
some difficulty. The purpurogallin method is of 
doubtful value in view of the varying results it has 
given with different workers. Thus, Keilin & Hartree 
(1951) found pP.z. 1220 for their purest preparation 
while Theorell (1942) and Theorell & Maehly (1950) 
found p.z. 930 and 1020, respectively, for two 
crystalline peroxidase preparations. A similar 
discrepancy existed until recently between the 
reported values for the haemin content of these 
preparations. Thus, Keilin & Hartree (1951) found 
a haemin content of 1-61%, while Theorell (1942) 
and Theorell & Maehly (1950) found 1-48 and 1-36 %, 
respectively. Recently, however, Paul et al. (1953) 
have redetermined the molar absorption of the 
a-band of pyridine ferroprotoporphyrin and find a 
higher value than that previously used in calcu- 
lating the haemin content of the crystalline pre- 
parations obtained in Theorell’s laboratory. Using 
this new value, Paul et al. (1953) found values of 
1-24-1-36 % for these crystalline preparations and 
1-36% for the preparation of Keilin & Hartree 
(1951). The ratio of the optical densities Ey ,,,,/ 
Ego my, (‘ Reinheitzahl’, R.z.) has also been used by 
Theorell & Maehly (1950) as a criterion of peroxidase 
purity, but while these authors find R.z. 3-04 for one 
crystalline preparation Maehly (1953) finds R.z. 2-3 
and 2-6 for two other crystalline preparations. The 
final dry preparations obtained in the present work 
had p.z. 1040-1120; R.z. 2-3-2-5; and 1-1-1:2% 
haemin. The haemin content as estimated by the 
method of Paul et al. (1953) at present appears to 
give a better measure of agreement than the P.z. or 
R.z. Using the haemin content as the standard the 
final dry preparations obtained by the method 
described in the present work have a purity of 
about 90%. 
SUMMARY 


1. A simple method is described for the pre- 
paration of highly purified peroxidase from horse- 
radish roots. 

2. Stable, dry preparations are obtained with 
P.z. 1040-1120 and haemin contents of 1-1—1-2 %. 
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The injection of salicylate into normal rats has been 
observed to cause a marked depletion of the liver- 
glycogen level within 4-7 hr. (Lutwak-Mann, 1942; 
Smith, Meade & Bornstein, 1952). The fall was 
temporary and partial replacement of the liver 
glycogen had occurred in 24hr. Lutwak-Mann 
(1942) reported that after 24 hr. the liver-glycogen 
level of some of the salicylate-treated animals was 
greater than that of the control animals. 

In the experiments of Smith et al. (1952) the rats 
were given unrestricted access to food, which was 
withdrawn immediately before the salicylate in- 
jection. The animals may have differed in the 
amount of food present in the stomach at the time of 
withdrawal and the fasting period of some rats may 
have been longer than others. It appeared possible 
to overcome this difficulty after Barnes (1953) had 
shown that rats could be trained to eat a single 
daily feed of 1 hr. duration. The effect of salicylate 
on the liver glycogen and blood glucose of rats 
maintained on such a regimen was therefore in- 
vestigated. The salicylate was given immediately 
after the feed, and liver glycogen and blood glucose 
were estimated in groups of animals killed during 
the subsequent 24 hr. In order to assess the in- 
fluence of the adrenal, similar experiments were 
performed on adrenalectomized rats and on adrenal- 
ectomized rats receiving adequate maintenance 
doses of cortisone. 


EXPERIMENTAL 


Animals. Male rats of the Wistar strain weighing 200- 
250 g. and maintained on a diet of cubes (Medical Research 
Council Diet 41) were used. 

Analytical methods. Liver glycogen was measured by the 
method of Good, Kramer & Somogyi (1933) on 80-100 mg. 
portions of liver taken as nearly as possible from anatomic- 
ally similar lobes immediately after the rats had been killed 
by stunning. The glucose in the final stage of the glycogen 
estimation and also the blood glucose were measured by the 
method of Nelson (1944). Blood salicylate was determined 
by the method of Smith & Talbot (1950). All the results are 
expressed as means, together with the standard deviation. 


General arrangement of experiments 


Effect of salicylate on the liver glycogen and blood glucose of 
normal rats on single-meal regimen. The rats were given the 
cube diet from 9 to 10 a.m. each day, and had access to 
water at all times. After an initial loss in weight during the 
first week they adjusted themselves to the new conditions 


and at the end of 3 weeks showed a normal gain in weight. 
Forty-two rats were divided into seven groups, containing 
5-7 rats, and immediately after the feed the first group was 
killed by stunning. Three of the remaining groups were 
given an intraperitoneal injection of 1 ml. 0-9% (w/v) NaCl 
and the other three groups an intraperitoneal injection of 
100 mg. of sodium salicylate in 1 ml. of water. One saline- 
treated and one salicylate-treated group were killed by 
stunning 6, 12 and 24 hr. after the start of the experiment. 
All the animals were fasted throughout the experiment. 

Blood-glucose estimations were made on tail-vein samples 
at the times indicated in Table 2, and liver glycogen and 
blood salicylate were measured on specimens obtained im- 
mediately after the death of the animals. 

The effect of successive daily doses of sodium salicylate on 
the liver glycogen was investigated in two groups of 7 rats 
trained on the single-meal regimen. One group received an 
intraperitoneal injection of 1 ml. 0-9% (w/v) NaCl im- 
mediately after each feed and the other an injection con- 
taining 100 mg. of sodium salicylate in 1 ml. water. The 
animals received the injections for 10 days and were fasted 
for 24 hr. after the last injection and then killed. 

Effect of salicylate on the liver glycogen and blood glucose of 
adrenalectomized rats. The rats were given access to the cube 
diet from 9 to 10 a.m. and 4 to 5 p.m. each day, and main- 
tained until their weight increase became normal. Two 
meals each day were given instead of the single daily feed, 
because it was considered that the latter regimen with its 
23 hr. fasting period was too severe for adrenalectomized 
rats. The animals were bilaterally adrenalectomized, given 
continuous access to cubes for 12 hr. after the operation and 
maintained on 0-45 % (w/v) NaCl and the two-meal regimen 
for 7 days. They were then divided into seven groups and the 
first experiment repeated on them. 

Effect of salicylates on liver glycogen and blood glucose in 
adrenalectomized rats maintained on cortisone. The previous 
experiment was repeated except that after adrenalectomy 
each rat received 1 mg. of cortisone acetate daily as a sub- 
cutaneous injection of 0-1 ml. of a 1 in 5 dilution of cortisone 
acetate suspension (Merck) immediately before each feed. 
Ingle, Beary & Purmalis (1953) employed the equivalent of 
only 0-1 mg. of hydrocortisone daily to maintain adrenal- 
ectomized rats, but previous work (Smith, 1952) had indi- 
cated that the Wistar rats used in the present experiments 
were far less sensitive to cortisone than the Sprague-Dawley 
rats used by the American workers. 


RESULTS 


The effects of salicylate on the liver glycogen and 
blood glucose of normal rats on single-meal regimen 


The liver glycogen and blood salicylate results are 
given in Table 1 and the blood-glucose results in 
Table 2. Table 1 shows that the administration of 
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Table 1. The effect of salicylate on the liver glycogen of normal rats on single-meal regimen 






Mean values-+standard error (number of rats in brackets) are given for liver-glycogen and plasma-salicylate levels. 





Liver glycogen content Comparison of liver-glycogen 










Time after (g./100 g. wet wt.) Plasma results for groups A and B 
injection salicylate 
(hr.) A, saline injected B, salicylate injected (mg./100 ml.) t r 
0 3-44+0-33 (6) _ _ — = 
6 10-24+ 1-23 (6) 2-86 + 0-69 (6) 42+2 (6) 12-7763 0-001 
12 10-45 + 1-46 (6) 4-72+1-15 (6) 25+5 (6) 5-0742 0-001 
24 1-91 +0-90 (5) 5-10+ 1-82 (7) 14+3 (7) 3-5817 0-01 






Table 2. The effect of salicylate on the blood glucose of normal rats on single-meal regimen 







Mean values+standard error (number of rats in brackets) are given for blood-glucose levels. 


Comparison of blood-glucose 
results for groups A and B 





Blood glucose (mg./100 ml.) 





Time after injection 














(hr.) A, saline injected B, salicylate injected t -P 
Before feeding 75-645-9 (5) 71-8+8-0 (5) 0-8491 0-5 
After feeding 

0 90-5-48-0 (4) 91-2452 (5) 0-1588 0-9 
0-5 94-0+4-4 (4) 91-8+5-5 (5 0-6427 0-6 

1 93-0+5-4 (4) 84-0+7-0 (5) 2-1125 <0-1>0-05 
1-5 94-:0+4-1 (4) 83-2+6-6 (5) 2-8517 <0-05 > 0-02 
2 87-8+2°8 (4) 77-247°8 (5) 2-5395 <0-05 > 0-02 
3 86-3-44-4 (4) 76-4+49-0 (5) 1-9439 0-1 

6 84-0+0-8 (4) 84-5+44-4 (5) 0-2229 0-9 
12 78-5+2°5 (4) 81-8+2-1 (5) 2-1689 0-1 

71-0+2:2 (4) 81-2+4-9 (5) 3°8515 0-01 







The effect of salicylate on liver glycogen and blood glucose in adrenalectomized rats 
on two-meal regimen 


Table 3. 







Mean values--standard error (number of rats in brackets) are given for the blood-glucose, plasma-salicylate and liver- 
glycogen levels. 





Blood glucose Liver glycogen 
















Time after (mg./100 ml.) (g./100 g. wet wt.) Plasma 
injection - ees >) — salicylate 
(hr.) Saline injected Salicylate injected Saline injected Salicylate injected (mg./100 ml.) 
0 85-7+4-6 (6) = 0-51+40-1 (6) ag <td 
6 87-8+6-0 (6) 57-34 12-6 (6) 1-88+0-6 (6) 0-17+0-06 (6) 46-0+5-1 (6) 
12 70-5+9°8 (6) 72-2+49-0 (6) 0-1240-05 (6) 0-05-£0-01 (6) 43-04 10-7 (6) 
24 68-3+5-1 (6) 69-9+ 17-2 (8) 0 (6) 0 (8) 16-:0+4-3 (8) 









Table 4. Effect of salicylate on liver glycogen and blood glucose of adrenalectomized rats 
on two-meal regimen and maintained on cortisone 






Mean values+standard error (number of rats in brackets) are given for blood-glucose and liver-glycogen levels. 










Comparison of 


Comparison of 
liver-glycogen 


Blood glucose blood-glucose Liver glycogen 






























Time (mg./100 ml.) results for (g./100 g. wet wt.) results for 
after — IO OO groups Aand BO A— . groups A and B 
injection A, saline B, salicylate oO A, saline B, salicylate —— OO 
(hr.) injected injected t P injected injected t P 
0 87-2+7°1 (5) — — — 1-59+0-38 (6) _ — — 
6 82-7+7-0 (6) 57-7412-7 (6) 4-2156 0-01 2-64+0-9 (6) 0-:09+0-11 (6) 6-9092 0-001 
24 68-8+7-0 (8) 82-6+11-7 (8) 2-8586 0-02 0-32 +0-22 (8) 0-79 + 0-57 (9) 2-1535 0-05 
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salicylate immediately after feeding prevented the 
normal deposition of liver glycogen observed in the 
control animals at 6 and 12 hr., while after 24 hr. 
the liver glycogen in the salicylate-treated rats was 
significantly higher than in the control animals. 
Table 2 shows that immediately after feeding there 
was no difference between the control and salicylate- 
treated groups, but that at 1, 1-5 and 2 hr. after the 
injection the blood glucose of the salicylate-treated 
group was significantly lower than the control. At 
3, 6 and 12hr. the blood-glucose values did not 
differ, but at 24 hr. the blood glucose of the sali- 
cylate-treated group was significantly higher than 
the control. 

Daily injections of sodium salicylate for 10 days 
to normal rats on the single-meal regimen were 
found to produce a significantly higher content of 
liver glycogen after a 24hr. fast than in similar 
animals injected with saline. Liver-glycogen levels of 
2-67 + 0-57 (7) and 5-71 + 1-36 (7) g./100g. wet weight 
were obtained for saline-injected and salicylate- 
injected rats, respectively (¢= 5-4536; P=0-001). 


Effect of salicylate on the liver glycogen and blood 
glucose of adrenalectomized rats on two-meal 
regimen 


The liver glycogen, blood-glucose and _ blood- 
salicylate results are given in Table 3 and show that 
the administration of sodium salicylate prevented 
the deposition of liver glycogen produced in the 
control animals and also caused a significant fall in 
the blood-glucose concentration (P<0-05) only at 
6hr. However, after 24 hr. the liver glycogen of 
both groups was zero and there was no significant 
difference in the blood-glucose concentrations. These 
results indicated that the presence of the adrenals 
was essential for salicylates to produce a higher 
24 hr. fasting level of liver glycogen. 


Effect of salicylate on the liver glycogen and blood 
glucose of adrenalectomized rats on two-meal 
regimen and receiving a daily maintenance dose of 
cortisone 


The results given in Table 4 show that salicylate, 
as in the previous experiment, prevented the 
deposition of liver glycogen and caused a significant 
fall in the blood glucose at 6 hr.; at 24 hr., however, 
the liver-glycogen and blood-glucose concentrations 
of the salicylate-treated group were significantly 
higher than those of the saline-treated controls. 


DISCUSSION 


The results show that the initial effect of salicylate is 
to prevent the deposition of liver glycogen which 
normally occurs after a meal and to produce a fall in 
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blood-glucose concentration. If the observations 
are continued for 24 hr., however, salicylate causes 
an increased liver-glycogen content and blood- 
glucose concentration. 

There are four possible mechanisms to explain 
these effects of salicylate: (a) delayed absorption of 
food from the gut; (b) interference with the con- 
version of blood glucose into liver glycogen; (c) 
disturbance of the normal functions of the adrenal 
glands; and (d) increased utilization of glucose in the 
tissues. 

Examination of the abdominal viscera of the 
normal rats did not reveal any gross differences in 
the amount of food in the various parts of the gut 
between the saline-treated and salicylate-treated 
animals killed at the stated times. In the adrenal- 
ectomized rats, whether or not maintained on 
cortisone, the passage of food through the ali- 
mentary tract appeared to be greatly delayed in 
the salicylate-treated animals. A delay in gastric 
emptying caused by salicylate would provide an 
adequate explanation of the present results and a 
radiological investigation of the effect of salicylate 
on the passage of a barium meal in normal rats is 
being made. 

If salicylates interfered in some way with the 
conversion of blood glucose into liver glycogen, an 
increased blood-glucose concentration should have 
coincided with the decreased liver-glycogen content 
of the salicylate-treated group. The reverse was 
found and this mechanism is therefore not valid. 

The influence of the adrenals upon the liver- 
glycogen level has been recognized in recent years 
because the effects of a number of entirely different 
procedures, such as hypoxia, on liver glycogen are 
not observed in adrenalectomized animals (ef. 
Barnes, 1953). The effects of salicylate in preventing 
the deposition of liver glycogen at 6hr. and in 
causing a fall in blood glucose between 1 and 2 hr. in 
the normal rats are not explicable in terms of 
stimulation of the adrenal cortex, but the 24 hr. rise 
in both liver glycogen and blood sugar could be 
areflexion ofsuch astimulation. However, although 
the 24 hr. effects of salicylate on liver glycogen and 
blood glucose were not found in adrenalectomized 
rats they were observed in similar animals receiving 
an adequate maintenance dose of cortisone. These 
findings support the concept of Ingle (1943) that the 
adrenocortical hormones play a supporting role in 
metabolic adjustments to some types of extra- 
adrenal stimuli and that an increased secretory 
activity of the adrenal cortex is not necessary to 
produce the response. Thus the presence of an 
adequate amount of adrenocortical hormones, i.e. 
a state of eucorticalism, rather than a stimulation of 
the adrenal cortex, is sufficient for the 24 hr. effects 
of salicylate on liver glycogen and blood glucose to 
be demonstrated. 
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An increased rate of glucose utilization in the 
tissues could provide a possible explanation of the 
results but there is no direct evidence that salicylate 
has such an effect. However, Cochran (1952) 
reported that salicylate caused a marked and 
progressive increase in oxygen consumption in man, 
and Meade (personal communication) has found the 
same effect in the rat. The increased oxygen con- 
sumption suggested that perhaps salicylate, like 
the dinitrophenols, may interfere with oxidative 
phosphorylation reactions. If salicylate inhibited 
the production of high-energy phosphate bonds, 
then during the initial phase after giving salicylate, 
increasing amounts of substrate may be sacrificed to 
supply the energy needed for the increasingly in- 
efficient phosphorylating processes. The low levels of 
liver glycogen and blood glucose may be indications 
of this demand for energy sources. 

When the acute phase of salicylate action is 
over and phosphorylating processes can proceed 
normally, there may be an excess of metabolites 
remaining from the initial period of increased 
oxidative activity. These may be converted into 
liver glycogen and blood glucose and such a 
mechanism may provide an explanation of the 
increases in these substances 24 hr. after the sali- 
cylate has been given. This hypothesis was pro- 
posed by Barnes (1953) to explain essentially similar 
effects produced on the liver glycogen of rats by the 
injection of dinitro-o-cresol, a compound known to 
cause an increased oxygen consumption and in- 
hibition of uptake of inorganic phosphate in 
respiring mitochondrial preparations (Loomis & 
Lipmann, 1948). In order to obtain further informa- 
tion concerning a possible action of salicylate on 
oxidative phosphorylation the in vitro effects of 
salicylate on glycogen synthesis and oxygen uptake 
in isolated rat diaphragm are being studied. 
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SUMMARY 


1. The effect of sodium salicylate on the liver 
glycogen and blood glucose of normal, adrenal- 
ectomized and adrenalectomized rats maintained on 
cortisone, are described. 

2. In the normal and adrenalectomized rats 
maintained on cortisone, a single dose of salicylate 
causes an initial impairment of the deposition of 
liver glycogen and a fall in blood glucose, but after 
24 hr. the levels of these substances are higher than 
in control animals. 

3. In adrenalectomized rats the initial effect of 
salicylate on liver glycogen and blood glucose is 
similar, but no recovery occurs after 24 hr. 

4. Some possible mechanisms to explain these 
effects are discussed. 
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